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THE TROPHIC NATURE OF CHLOROGONIUM AND 
CHILOMONAS? 


JOHN B. LOEFER 


BrococicaL Laporatory, UNiversity CoLttece, New York UNIVERSITY 


INTRODUCTION 


The application of pure culture methods has done much to further 
our knowledge of protozoan nutrition. Growth of organisms in syn- 
thetic media has been accomplished largely through a process of trial 
and error, and very often success has been attributable to the wide range 
of adaptability which many of these forms exhibit. Some of the green 
flagellates may be either completely autotrophic in light, utilizing in- 


organic nitrogen and carbon dioxide, or totally heterotrophic in darkness. 
While some of the plant-like flagellates in particular are capable of 
existence under such extremely varied conditions, the great majority of 
protozoa are restricted to a more limited food environment. The pur- 
pose of the following experiments is to determine the trophic nature of 
Chlorogonium euchlorum Ehrenberg, C. elongatum Dangeard and Chilo- 
monas paramecium Ehrenberg when grown in bacteria-free cultures, 
i.e., to determine their capability of autotrophic existence in light and 
their heterotrophic nutrition in darkness. Chilomonas, being colorless, 
normally assimilates soluble organic food, although claims for its com- 
pletely autotrophic nature have recently been advanced by Mast and 
Pace (1932). Jacobsen (1910), working with Chlorogonium euchlo- 
rum in bacterized cultures, believed this form to be autotrophic in light 
as well as heterotrophic in darkness, although he was unable to control 
cultural conditions adequately to determine this fact with certainty. 
Grateful acknowledgment is due Professor R. P. Hall for suggestions 
during the investigation. 

1 Part of a thesis submitted in partial fulfillment of the requirements for the 
degree of doctor of philosophy at New York University, June, 1933. 
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MATERIAL AND METHODS 


Pure lines of C. euchlorum and C. elongatum were obtained from the 
German University at Prague through the courtesy of Professor E. G. 
Pringsheim, while the bacteria-free strain of Chilomonas paramecium 
was derived from a single organism isolated from pond water at Woods 
Hole during the summer of 1932. Cultures of the three species were 
maintained in culture tubes in a 0.25 per cent tryptone-salt medium at 
pH 7.0. 


3efore it can be concluded that a certain nutritional factor in a given 


medium is or is not utilized by the organism concerned, it is necessary, 


according to Lwoff (1932), to subculture that species at least three or 
more times in order to eliminate growth effects produced by compounds 
present in the original stock medium transferred with the inoculum and 
in order to allow for utilization of reserve food materials. Accordingly, 
conclusions stated below are based only on cultures which have been 
carried through a number of transfers, the cultures having been main- 
tained in constant light at a temperature of 28° C. in a thermostat- 
controlled water bath. In each series of transfers, 6-12 culture tubes 
containing the same volume of medium were inoculated equally from 
a dilution flask (Loefer, 1934). After incubation transfers to similar 
media were made; this procedure was continued until growth ceased or 
until the possibility of continued growth was established. The follow- 
ing media at pH 7.0 were used in the respective experiments designated 
later. 


Medium A: 
NH,NO,; ; . 05 gram 
KH:PO, we es (ae 
MgSO, seo ceee ee a 0.1 
NaCl +2 aint ee 
FeCl; 5 it Se ni ee ke 
Distilled water : : 1 liter 
Medium B: 
KNO, Lee 
KH:PO, ee ; wae 
MgSO, ree eee = ten? 
NaCl : wae eee 
FeCl; : : co. trace 
Sodium acetate 2.5 gram 
Dextrose —_ 
Proteose-peptone ‘ink 
Distilled water 1 liter 
Medium C: 
KH2PO, i pias atc esha oe 
ae 
. 0.1 
cscevee *8RSe 
Sodium acetate 2.5 gram 


Distilled water 1 liter 
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Bacteriological tests for purity of the cultures were carried out at 
regular intervals during the course of each experiment. The sodium 
acetate used was obtained from the Eastman Kodak Co., Rochester, 


N. Y., while tryptone, peptone, and dextrose were products of the 
Difco Laboratories. 


AUTOTROPHIC NUTRITION 


Tubes containing medium A were inoculated with C. euchlorum from 
a dilution flask and placed at a north window at room temperature. At 


the end of four weeks the cultures were intensely green. Consecutive 
transfers were made at four-week intervals for forty weeks, at the end 
of which time it was evident that autotrophic existence in light is possible 
indefinitely in the medium used. Homologous series on C. elongatum 
showed the same result. 7 

The object of another group of experiments was to determine 
whether growth is more rapid in a solution containing nitrates or in one 
containing ammonium compounds. For this purpose medium C was 
used as a base. Equal lots containing 0.5 per cent concentrations of 
NH,NO,, KNO,, NH,Cl and (NH,).SO,, respectively, were tubed 
and sterilized in the regular manner. After inoculation (1.0 cc.) with 
C. euchlorum, cultures were grown at room temperature near a north 
window. After fifteen days no significant differences in growth were 
evident, as determined by the Sedgwick-Rafter counting-cell method. 
Four successive transfers were made in each type of medium; subse- 
quent growth indicated that this species uses either nitrate or ammonium 
to equal advantage. The results for C. elongatum were similar. No 
appreciable pH changes occurred during the culture periods. 

Chilomonas paramecium has been reported capable of. using ammo- 
nium nitrogen (Mast and Pace, 1932). In an attempt to verify this 
observation the same types of media as were used above for Chloro- 
gonium were inoculated with Chilomonas. A number of the cultures 
were kept at room temperature and some at a constant temperature of 
28° C. in moderate light. Growth occurred in all of them after four 
or five days. A second transfer was made, but only slight growth was 
noted in a few of the tubes after an equal period of time. No growth 
took place at all in cultures of the third transplant, even after a longer 
period of time. Even when these media contained 0.05-0.10 per cent 
Na,SiO, in addition to the regular constituents,’ Chilomonas did not 
survive a third transfer. Chlorogonium, likewise, will not grow in dark- 


ness on inorganic nitrogen, even in the presence of sodium acetate and 
silicate. 
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HETEROTROPHIC NUTRITION 


Since it was impossible to grow Chlorogonium in darkness in a me- 
dium containing inorganic nitrogen only, a medium containing several 
different carbon and nitrogen compounds was used (medium B). 
Sterile tubes of this solution were inoculated with C. euchlorum on 
November 10, 1932, and incubated in total darkness at room tempera- 
ture. Subinoculations were made at intervals of approximately four 
weeks, and to date the organisms have been transferred 11 times and 
the cultures are still green, indicating that growth and continued synthe- 
sis of chlorophyll is taking place. Parallel experiments on C. elongatum 
indicate the same result. Although the organisms appear somewhat 
smaller than when grown in the usual stock medium in light, their 
normal color and continued division indicate that indefinite growth 
without photosynthesis is possible when the culture medium contains 
adequate nitrogen and carbon sources. 


DISCUSSION 


In the group of chlorophyll-bearing flagellates, most species utilize 
either nitrate or ammonium nitrogen in light, using CO, as a carbon 
source. Among the Phytomonadida which are facultatively autotrophic, 


various nitrogen sources produce a differential effect in amount of 
growth. Lwoff (1932) found that Hematococcus pluvialis grew better 
with ammonium salts than with nitrates, although Chlamydomonas agloé- 
formis grew equally well in either medium. The group Euglenida like- 
wise exhibits specific growth differences (Dusi, 1933), some forms (Eu- 
glena gracilis, E. stellata, E. klebsti) growing equally well with ammo- 
nium salts or nitrates as nitrogen sources. LE. anabena is more limited 
since it is unable to utilize nitrate, but grows well on ammonium salts. 
Others (E. pisciformis, E. deses), although generally considered totally 
photosynthetic organisms because of their green color, are actually mixo- 
trophic since they cannot utilize inorganic nitrogen. These few in- 
stances are indicative of the variations found among chlorophyll-bearing 
flagellates. The results obtained for Chlorogonium (euchlorum, elon- 
gatum) mark them as truly autotrophic species since they can utilize 
both ammonium and nitrate nitrogen. The wide range of adaptability 
of this genus, shown by its ability to grow heterotrophically as well as 
autotrophically, no doubt accounts for Jacobsen’s (1910) conclusion that 
it was primarily mixotrophic rather than autotrophic in its food habit. 

Only in one case has truly autotrophic nutrition been claimed for a 
colorless flagellate. Mast and Pace (1932) state that, “ Chilomonas can 
consequently, without light, synthesize carbohydrates, fats, proteins, and 
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protoplasm from inorganic compounds, obtaining nitrogen from NH, 
and carbon from CO,.” Such synthesis is effected in an inorganic salt 
medium containing Na,SiO, either with or without sodium acetate. In 
the present investigation with bacteria-free cultures of Chilomonas para- 
mecium there was no indication that inorganic nitrogen could be utilized, 
with or without Na,SiO, in the medium, even when sodium acetate was 
supplied as an organic carbon source. Growth which occurred in the 
first and second subcultures was probably due to the small amount of 
organic nitrogen transferred with the inoculum from the stock medium. 
Inasmuch as these results have been reported only in abstract form, it is 
at present impossible to repeat their experiments on this strain, using 
their exact method. 

It would appear (Cleveland and Collier, 1930) that certain strains 
of Leptomonas can be cultured in dextrose and other carbohydrate solu- 
tions which contain no nitrogen source. From the description of the 
methods used, it seems highly probable that the small amount of nitrogen 
necessary for growth was transferred from the stock medium with the 
inoculum. It is extremely doubtful that these forms would have sur- 
vived successive transfers in this medium, since growth without nitrogen 
is unknown in any other protozoa. 


Under favorable conditions of organic nutrition many green, other- 


wise autotrophic, organisms have been cultivated in total darkness for 
varying periods of time. Jacobsen’s (1910) results on Chlorogonium 
were mentioned above. A race of Euglena gracilis has been grown 
saprophytically for several years in total darkness by Lwoff (1932), 
having, however, lost its green color in the meantime. Chlorogonium 
(euchlorum, elongatum) differs in that it still retains its green color 
after a year of cultivation in total darkness, although the chloroplasts 
appear somewhat modified. 


SUMMARY 


Chlorogonium (euchlorum, elongatum) is capable of indefinite auto- 
trophic growth in a mineral medium in light, growth in nitrate being as 
good as in cultures containing ammonium salts. It was impossible to 
maintain bacteria-free cultures of Chilomonas paramecium indefinitely 
by subculturing them at regular intervals in a medium containing in- 
organic nitrogen, even in the presence of sodium acetate as a carbon 
source. Since November 10, 1932, both species of Chlorogonium have 
been cultured in total darkness in a medium containing mineral salts, 


sodium acetate, dextrose and proteose-peptone without losing their green 
color. 
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EFFECT OF RINGER’S SOLUTION ON TAIL-REGENERA- 
TION IN THE TADPOLE OF RANA PALUSTRIS 


LEONARD P. SAYLES 


(From the College of the City of New York and the Marine Biological Laboratory, 
Woods Hole, Mass.) 


It has been shown that the regenerative activity of the fresh-water 
oligochete Lumbriculus is decreased in balanced salt solutions (Ringer) 
which are isotonic, or nearly so, with the body fluids of that worm 
(Sayles, 1928). Also, in the case of certain marine invertebrates, it has 
been found that dilutions of the sea water increase the rate of regenera- 
tion (Loeb, 1892; Goldfarb, 1914; Lloyd, 1914; Keil, 1932 and others). 
In the case of marine forms, of course, the body fluids are approximately 
isotonic with undiluted sea-water. 

With these facts in mind a study was made to determine whether or 
not a similar slowing-up of regeneration in isotonic salt solutions might 
occur in the case of frog tadpoles. 

Tadpoles of Rana palustris, varying in total length from 40 to 65 


millimeters and with small posterior legs, were used. They were first 
anesthetized in a solution of approximately 1 part of chloretone in 
2,200 of water. Either 15 or 20 mm. of the tail were then removed. 

The first experiments on this material were carried out during the 
summer of 1927. Then, in 1929 and again in 1932, results essentially 
the same as those of the first year were obtained. 


The results of two experiments, typical of a number performed, 
may be presented to indicate the effect of Ringer solutions on the length 
and form of the bud of new tissue. In one instance, four tadpoles were 
cut. Tadpole -A (52 mm. total length) was placed in water. B (55 
mm. long), C (50 mm. long), and D (40 mm. long) were placed in 
buffered frog Ringer. All four had 15 mm. of tail removed. After 
two weeks the lengths of the new buds were as follows: A, 9.0 mm.; 
B,19 mm.; C, 3.6 mm.; D, 3.4 mm. All of these were killed at the 
end of the third week, at which time no marked change in the relative 
lengths of the buds had occurred. 

In another experiment four tadpoles, each 40 mm. in total length, 
had 20 mm. removed from the tail. A was placed in tap-water; B in 
Ringer of 0.5 usual strength; C in ordinary frog Ringer; and D in 
Ringer of 1.1 usual strength. After twenty-three days the lengths of 


‘ 
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the buds were as follows: A, 12.3 mm.; B, 9.3 mm.; C, 7.1 mm.; D, 
6.4 mm. 

In all individuals regenerating in tap-water the tail bud is complete 
with well-formed swimming membrane. Tadpoles regenerating in 0.5 
Ringer usually produce complete tails of the ordinary type. In some 
cases, however, the musculo-skeletal axis is complete but the caudal 
membrane is much reduced or even absent in part of the bud. A re- 
generate of this type is shown in Fig. 1. 

In straight frog Ringer about two-thirds of the short buds have well- 
developed membranes. These apparently differ from the control animals 
only in the length of the bud. In two of these tadpoles, however, the 
buds formed have only narrow, somewhat irregular portions of the 
membrane (Fig. 2). In the cases of the other tadpoles regenerating 
in this solution, however, a slender bud is formed with little or no 
caudal membrane. Figure 3 shows such a regenerate. This particular 


Fic. 1. A tail bud formed after 11 days by a tadpole regenerating in 0.5 
Ringer solution. X 4. 

Fic. 2. A tail bud formed after 29 days of regeneration in straight Ringer 
solution. X 3, 

Fic. 3. Slender bud consisting merely of musculo-skeletal axis with two 
very small pieces of caudal membrane at posterior tip. A regenerate of 11 days 
in straight Ringer solution. 

In each of the above figures an arrow indicates the transition zone between 
old and new tissues. 


bud is of interest, too, because of the fact that there are, at the posterior 
tip, two very small, thin pieces of tissue which resemble the caudal 
membrane. 


In a few instances tadpoles have lived and regenerated in 1.1 Ringer 
solution. In each of these cases the bud formed is without the caudal 
membrane. 

In this connection it is interesting to note the report of Avel (1932) 
that, with the approach of metamorphosis, ability to regenerate becomes 
less and then disappears in the caudal membrane while at corresponding 
levels it persists for a long time in the musculo-skeletal axis. No ex- 
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periments have been carried out to determine whether or not the isotonic 
solution affects, in a similar manner, all stages in the development of 
tadpoles. In the present work, however, all control individuals pro- 
duced well-formed tails with complete caudal membranes. Thus it is 
quite clear that the results here described are due to the effect of the 
Ringer solution and not to the approach of metamorphosis alone. 


SUMMARY 


Tadpoles of Rana palustris, regenerating new tails, produce, in gen- 
eral, less new tissue when kept in an approximately isotonic frog Ringer 


solution than when allowed to remain in ordinary fresh water. 
The regeneration of the caudal membrane is frequently affected by 
isotonic solutions. Occasionally the bud of new tissue consists merely 


of the main axis without any membrane. In some other cases a much 
reduced or irregular membrane is formed. 
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COORDINATION AND MOVEMENT OF THE SWIMMING- 
PLATES OF MNEMIOPSIS LEIDYI, AGASSIZ 


B. R. COONFIELD 


(From the Biological Laboratory, Brooklyn College, and the Marine Biological 
Laboratory, Woods Hole) 


The synchronized movements of the swimming plates of Mnemiopsis 
leidyi in a natural environment indicate the presence of a codrdinating 
system. The rhythm of the plate movement in the rows shows the effect 
of a coordinating mechanism rather than demonstrating how each plate 
is stimulated. A single isolated plate containing only a very small 
amount of protoplasm at its base will beat rhythmically for several hours. 
This shows that each plate possesses a certain amount of independence, 
but this independence is overcome by a coOrdinating system when the 
body of Mnemiopsis is intact. Although Lillie (1906) reported that 
isolated plates of Eucharis continue to beat for several hours and Ver- 
worn (1890) recorded the same for Cestus, I am convinced that the 
full significance of this activity has not been realized. It was the per- 
sistent beating of these isolated plates, both complete and fragmented, 


that led me to believe that the transmitting and codrdinating system of 
Mnemiopsis has not been fully understood. These experiments have 
been done, therefore, to add to our knowledge of the transmitting and 
coordinating mechanism in Mnemiopsis. 


Ctenophores are biradially symmetrical animals having distinct oral 
and aboral ends. Mnemiopsis is a member of a group of ctenophores 
which have characteristically a pair of lobes protruding forward beyond 
the mouth (Fig. 1). This animal moves along in the water just below 
the surface with its oral end in advance, propelling itself by the suc- 
cessive movements of paddle plates which beat in an aboral direction. 
Each paddle plate consists of several very long cilia fused and beating 
as aunit. The plate nearest the aboral end beats first, followed by each 
plate in succession toward the oral end of the animal (Fig. 3). Ac- 
cording to Parker (1905a), this type of movement is known as meta- 
chronism. The metachronal wave of Mnemiopsis is aboral to oral while 
its effective plate beating is oral to aboral. The plates are arranged on 
the body of the animal in two opposite pairs of long rows which are in 
the esophageal plane and are called adesophageal and in two opposite 
pairs of short rows which are in the tentacular plane and are called ad- 
tentacular. On the basis of coordination of the plate movement the 

10 
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rows fall naturally into quadrants each consisting of an adesophageal 
row and an adtentacular row. The codrdination of the two plate rows 
of a quadrant is quite definite for Beroe (Chun, 1880) and for Pleuro- 
brachia (Child, 1933). Although the co6drdination in each quadrant 
is definite in Mnemiopsis, usually all eight rows are synchronized. 

That each row of plates in ctenophores represents a transmission 


Fic. 1. A diagram of Mnemiopsis. A, mouth; B, oral lobe; C, auricle; D, 
adtentacular swimming plate row; E, adesophageal swimming plate row; F, apical 
sense organ in the aboral zone. 

Fic. 2. A camera-lucida drawing of a Mnemiopsis swimming plate stained 
with methylene blue; B, interplate structure; G, muscle cells; H, swimming plate 
base; 1, arrow pointing in the aboral direction; 2, arrow pointing orally and in 
the direction of the metachronal wave. 

Fic. 3. A diagram of a swimming plate row showing only a few plates. 
These plates beat in succession as indicated by the numbers, J, 2, 3, and 4. This 
sequence of movement is known as the metachronal wave. The arrow near 4 


indicates the effective stroke direction. The interplate structure is shown at B, 
and the food canal at C. 


path along which stimuli flow to initiate the plate movements is a common 

belief. This path has been regarded by a few investigators as repre- 

senting a nervelike, transmitting element not yet differentiated into true 

nervous tissue but remaining neuroid in form. Bauer (1910) and 

Bethe (1895) believed the path to be nervous. By staining Cydippe with 
2 
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methylene blue and later sectioning the tissue, Bethe found a network 
of nerves. According to Gothlin (1920), in Beroe the activating im- 
pulses arise in the nervous system and are conducted by the nerve net 
to the swimming plate. Ater the impulse reaches the plate it is then 
transmitted from cell to cell along the plate row. Parker (1905a) and 
Child (1933) believed the initial stimulus in Pleurobrachia to come from 
the sense organ in the aboral zone and spread to the plate rows. The 
paddle plates of Mnemiopsis show definitely a certain amount of co- 
ordination. When coming in contact with an object, the body wall con- 
tracts, and at the same time the paddle plates cease to beat. The plates 
resume beating soon afterward and usually by a spreading of their 
movement from the aboral to the oral zone. This indicates that the 
center of codrdination is in the aboral zone. 

In considering the interpretation of the experiments reported here, 
the following questions arise. Is the aboral sense organ the center of 
coordination? Does the codrdination in each plate row depend entirely 
upon the stimuli arising in the aboral center? Will this sensory center 
exhibit its dominance during all rates of plate movements? Is this stim- 
ulating element in each plate row strong enough to resist any reversed 
impulses? Does each plate row exhibit an aboral dominance as reported 
by Child (1917)? Is the transmitting element nervous or is it less 
differentiated than nervous tissue? These questions are considered in 
this report. 

MATERIALS AND METHODS 


Mnemiopsis were unusually numerous at Woods Hole from middle 
August until late September during the summer of 1933. This was 
due to a wind from the southeast which continued blowing for several 
days. Uninjured specimens of these ctenophores in stages from late 
embryos to adults were collected and kept in large finger bowls in run- 
ning water in the laboratory. Specimens will live in the laboratory for 
several days only if they are kept in running water. Those of inter- 
mediate size were usually selected for observation to determine plate 
row coordination, while in the experiments in which the plate rows were 
removed, both large and small animals were used. 

The experiments were of three types. In the first type, both large 
and small pieces of plate rows were stained with methylene blue. In 
the second type, the action of swimming plate rows was interrupted 
either by cutting out plates or by holding a plate. In the third type, 
observations were made on excised pieces of the plate rows. 


The Staining Effect of Methylene Blue 


The main structures around the sensory body and also those leading 
from it to the plate rows have been described for Pleurobrachia, Beroe, 
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Bolinopsis, and Mnemiopsis by Child (1933). Only the transmitting 
elements in the plate rows are to be considered in this section of this 
report. Parts of the swimming plate rows of Mnemiopsis were stained 
in these experiments. This animal is quite sensitive to methylene blue 
and will fragment if subjected to other than very dilute solutions. This 
is in accord with the report of Child (1933). Sections of the swimming 
plate rows were cut from the animal with small scissors and stained 
from 2 to 12 hours in a solution of methylene blue of about 1 to 500,000 
parts of sea water. These stained pieces of swimming plates were ex- 
amined in a living condition under both high and low magnifications. 
The stain showed a structure which connected the plate bases in a row. 
This interplate structure is a narrow band of granules and is uniform 
in width except at its enlarged aboral end which contains a small distinct 
granular spot. The oral end of this band extends into the base of the 
next plate where it ends clearly without any granular connection to the 
plate base (Fig. 2). The interplate band lies above and is not connected 
to the food canal (Fig. 3). Child (1933) has reported the presence 
of this interplate structure in Bolinopsis and in Mnemiopsis but he 
made no mention of the small granular spot. 

Although having stained numerous pieces of plate rows of Mnemi- 
opsis in methylene blue, I have never found any cellular structure either 
in these interplate bands or in the plate bases. The only cells brought 
out by the stain were those of a few muscles lying parallel to and midway 
between the plates. All other structures shown by the stain were quite 
granular. The suggestion made by Child that these interplate bands 
are conducting paths must rest on the position of these bands rather 
than on their structure. The fact that they point in the direction of 
transmission may also have influenced Child in making his conclusion. 
It is clear to me that neither the position of the interplate structures nor 
their morphological polarity gives sufficient proof of this nerve-like in- 
terpretation. 


Experiments on the Plate Rows on the Body of Mnemiopsis 


The movements of the eight paddle plate rows of ctenophores usually 
are synchronized. Coordination between two quadrants is more easily 
destroyed than between the two rows of a single quadrant. Rhythm 
in a single row is more persistent than it is in a single quadrant. Even 
this rhythm of the paddle plates in a single row can be temporarily 
destroyed in Mnemiopsis by cutting across any of its plate rows. Very 
soon, however, rhythm is reéstablished. In one experiment the rhythm 
in a row was reéstablished within 5 minutes after the cut was made. 
Usually, when a cut is made, all beating in a row ceases. Then the two 
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rows in a quadrant beat independently for a short time. After this 
short interval the rhythm in the quadrant is reéstablished. Parker 
(1905a) touched a plate row of Mnemiopsis with a pointed instrument. 
The temporary cessation of beating of the two plates touched was due to 
the contraction of muscles in the outer body wall closing the plate groove 
at that point, thus causing a mechanical paddle plate block. When 
the stimulus was removed, the muscles relaxed and the blocked plates 
resumed beating. Only the blocked plates failed to beat, while rhythm 
in the row was not interrupted. Parker held this to be proof that the 
impulses along the plate row were not aided by the mechanical effect 
of the paddle plates striking one another as they contract. I verified 
this experiment by holding a single plate in a row with a stiff hair and 
found that the rhythm in the row was not interrupted, although the 
plate which was held did not beat. 

The auricles have a row of paddle plates continuous from the ad- 
tentacular row to their bases at the oral lobes. These long plates are 
set very close together (Fig. 1). Each plate touches the one in front 
when completing its effective stroke and strikes also the one behind in 
its return stroke. The plates in the adesophageal and the adtentacular 
rows do not strike one another so effectively. Here was an opportunity 
to test whether transmission in the row is aided by one plate touching 
another in beating. Two or three plates were held firmly with a bristle. 
The action of the other plates was not interrupted in the least. The 
auricle was then cut across a paddle plate row to a point about midway 
through the jelly. The cut ends of the plate row were pulled apart by 
the contracting muscles. Thus a complete gap was formed across the 
plate row. Beating in the row ceased at first but soon resumed with its 
usual rate and rhythm. The cutting of either an adesophageal or an 
adtentacular plate row caused a cessation of plate beating in that row for 
a brief interval. Almost immediately the rhythm was reéstablished in 
the plate row followed by that in the quadrant. 

The fact that holding a single plate does not interrupt the rhythm 
in the plate row shows that transmission does not depend upon move- 
ment from plate to plate. This suggests the presence of a real physio- 
logical transmitting element. The cutting across any of the plate rows 
brought about a sudden cessation of plate movement, which suggests 
that the transmission path is in the plate row. Following the cutting, 
the rapid recovery of plate movement in the row with the reéstablishment 
of rhythm indicates that the transmission path is quickly reformed. The 
question then arises as to whether this transmission path is nervous or 
is more simple and less differentiated. The rapid recovery of rhythm 
in the row reveals the more simple nature of this system. The reaction 
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of plates on excised pieces of rows described in the following section 
also confirms this conclusion. 


Experiments on Excised Pieces of Swimming Plate Rows 


The beating of the isolated and fragmented plates collected in tow 
suggests their independence of other paddle plates. This independence 
was observed in Eucharis and reported by Lillie (1906). He stated 
that quite often the rhythm in the isolated pieces approximated that of 
the plates in the normal animal. Lillie (1908) cut strips of jelly con- 
taining portions of swimming plates from Eucharis and from Mnemi- 
opsis. According to his observations, soon after the removal, the beat- 
ing in the excised pieces returned to normal. In my experiments on 
Mnemiopsis the plate activity ceased at once in the strips of plate rows 
as they were removed. Very soon, however, the beating in these strips 
was resumed and the waves passed from the aboral end to the oral end. 
Verworn (1890) reported that a single isolated plate of Cestus will con- 
tinue to beat if it has a small amount of protoplasm attached. It is 
therefore perfectly clear that swimming plates will beat rhythmically 
even if they are detached from the ctenophore body. Will isolated 
plates respond differently to those located normally on the animal ? 

Sections of both the adesophageal and adtentacular swimming plate 
rows were cut out of Mnemiopsis. Some of the pieces were half of a 
row in length and others were longer or shorter. Although movement 
ceased during the cutting, activity was resumed in the pieces within 10 
minutes after their excision. Both the effective stroke and the meta- 
chronal wave were the same as before the pieces were removed. The 
rhythm was unchanged and, although the rate was reduced at first, the 
normal speed was soon regained. Within one hour each piece had 
formed a complete compact body. In general, three types of bodies 
were formed by these excised pieces. When a small amount of jelly 
was removed with approximately one-half of a plate row, the reformed 
body was egg-shaped. The plate row was oriented midway around the 
mass on its shortest axis (Fig. 4). Practically the same results were 
obtained when a larger amount of jelly was removed with half a plate 
row, though the jelly in this case did not completely fuse at its cut ends 
(Fig. 5). In both these cases, the ends of the paddle plate rows always 
fused perfectly. When a still larger amount of jelly was removed with 
one-half a plate row, the reformed body was more elongated and the 
cut ends‘of the jelly were less completely fused than in the previously 
described cases. This incompletely fused jelly left a cavity large 
enough to prevent the fusing of the ends of the plate row (Fig. 6). 
All pieces of jelly containing paddle plates lived and continued their 
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beating for two weeks. They were then thrown away, though still in 
good condition. 


The effective beating of the paddle plates in all of these cases caused 
the individual pieces to rotate. Mechanically, the rotation must be di- 
rectly opposite to the direction of effective beating of the swimming 
plates. Hence, by observing the direction of movement of the rotating 


5 


Fic. 4. This shows the rounded jelly and the swimming plate row after its 
cut ends have completely fused to each other. The arrows indicate the direction 
in which the piece rotates. 

Fic. 5. At A the incomplete fusion of the jelly is shown. The swimming 
plate row ends have fused to each other completely. 

Fic. 6. This illustrates the incomplete fusion of the jelly and of the cut ends 
of the swimming plate row. The direction of rotation in both Figs. 5 and 6 is the 
same as in Fig. 4. 


pieces, the direction of the effective paddle plate beating can be deter- 
mined. If a revolving excised piece of swimming plate is touched any- 
where with a needle, the whirling stops at once, but the plate beating is 
resumed in a short time. Often this resumed paddle plate action causes 
the whole piece to rotate in the opposite direction, giving definitely a 
demonstration of reversed ciliary beating in Mnemiopsis. This reversal 
may continue until a dozen revolutions have been made. Then, without 
being stimulated further, all movement ceases for an instant and the 
regular beating follows. This reaction is common in all three types of 
reformed plate rows. I have never seen a metachronal wave reversal 
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in any of the pieces. Moreover, a reversal of metachronism in a nor- 
mal plate row of Mnemiopsis has never been reported. Parker (1905a) 
noticed an apparent reflection of the wave as it reached the oral end of 
a plate row in Pleurobrachia. This reflection wave rarely traveled 
aborally the entire length of the plate row. 

Both large and small individuals were cut transversely midway be- 
tween their aboral and oral ends. Immediately following the cutting 
the paddle plates in both halves stopped beating. The plate action was 
resumed in the aboral halves within 10 minutes and the rhythm was re- 
established at once. Beating was not resumed in the oral halves until 
a few minutes later, and then action of the paddle plates in these halves 
was not synchronized as in the aboral pieces. The plates beat slowly 
at first and quite independently of one another. Within 24 hours the 
normal rhythm had been established in these oral halves, however. In 
one oral half, a complete aboral end had been reformed within 48 hours. 
This reformed zone was perfect, including the sense organ and food 
canal connections from the stomach to the paddle plate rows. More 
experiments of this nature have been planned. 

The definite polarity in the intact plate rows of Mnemiopsis indicates 
a higher type of transmitting system, but when the polarity is destroyed 
in excised pieces of these plate rows, the more elementary nature of this 
system is revealed. Furthermore, the ability of the jelly and the trans- 
mission system to reform quickly following a cut indicates that both of 
these structures are not very highly differentiated. Therefore, these 
experiments on excised pieces of plate rows of Mnemiopsis show that 
its transmitting system is simple and elementary in nature. 


DISCUSSION 


According to those who have studied stained sections and stained 
regions of ctenophores, it is clear that the coordinating mechanism is 
nervous. Bethe (1895) showed a network of nerves to be present in 
the epithelium-of Cydippe. Chun (1880) failed to find true nervous 
tissue in the ciliated furrows leading from the sensory region to the 
plate rows; but he believed this tissue to be nerve-like in transmitting 
impulses. Child (1933) found a clear picture of the nervous structure 
about the apical organ of Pleurobrachia, Beroe, Bolinopsis, and Mnemi- 
opsis by staining them with a weak solution of methylene blue in sea 
water. He states (page 204), “ There can be little doubt that these 
structures represent a real, morphologically differentiated nervous sys- 
tem.” He failed, however, to find a definite structure, by staining, be- 
tween the plates of Pleurobrachia. The stain showed granules in the 
outer body wall between the plates. The irregular arrangement of these 
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granules could not indicate a definite transmitting structure. Child 
found definite structures between the plates of Bolinopsis and Mnemi- 
opsis which he interpreted as nerve terminations. I have found these 
staining bodies in Mnemiopsis, but, although they are definite as gran- 
ules (Fig. 2), I question any justification in assuming them to be 
nervous from their staining qualities alone, since methylene blue usually 
shows true nervous tissue to be cellular. This structure is in the epi- 


thelium above and independent of the food canals and is quite definite 
(Fig. 3). The granules were just as clear around the bases of the 
swimming plates as they were between these plates. Do these granular 
bodies around the plate bases represent nerves also? If so, these nerves 
are of a peculiar type since there are no indications of cells. I see no 
reason for calling either the interplate structures or the granular mass 
around the plate bases true nervous tissue, but some type of transmitting 
element is certainly present along the swimming plate rows as has been 
shown by physiological tests. 

That the regulating center lies in the aboral zone is well established. 
In Mnemiopsis, usually the eight paddle plate rows are synchronized. 
At times when the animal is not moving and the rate of beating is de- 
creased, a row of plates will beat independently of the others. Then 
we must assume that the regulating center in the aboral zone loses con- 
trol with the lowering of the rate of beating. The codrdinating mecha- 
nism in a single row is more definite physiologically than is the aboral 
center. In-each row, the plates are synchronized perfectly even at the 
low speeds of movement. Even if a plate or two in a row be either cut 
out, held firmly, or cooled, the rhythm in a single row of Pleurobrachia 
is not interrupted (Parker, 1905a). According to Parker, the indi- 
vidual plate rows of Pleurobrachia are often independent of the others. 
The beating of the plates on the auricles is usually not synchronized with 
the beating of the other plate rows, nor do they beat at the same rate. 
Furthermore, the metachronal wave in the auricle is rarely continuous. 
Usually, this wave begins at the auricle tip, moving on one side to the 
adtentacular plate and on the other side to the oral lobe. These facts 
show further the localized nature of the transmitting and coordinating 
elements in Mnemiopsis. 

The transmitting system, as indicated by the metachronal wave, in 
Mnemiopsis is polarized. Impulses proceed along the plate rows from 
the aboral zone to the oral zone. In the uninjured animal living in its 
natural environment, this transmission direction is never reversed. Re- 
versal of the metachronal wave in Pleurobrachia occurs occasionally, 
but this could not be induced in Mnemiopsis (Parker, 1905a). Re- 
versal of the effective beat does not occur in Mnemiopsis (Parker, 1905a: 
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Mayor, 1912), and it occurs only rarely in Bolinopsis (Child, 1933). 
Reversal of the effective beating of cilia of sea anemones is commonly 
known (Parker, 1905b, 1905c, 1917; Parker and Marks, 1928). Since 
ctenophores are related to the actinians, this led me to seek the evi- 
dence of paddle plate reversal in Mnemiopsis. 

The excised pieces of Mnemiopsis previously described in this paper 
(Figs. 4, 5, and 6) certainly show a reversal of the effective paddle plate 
beat. It is mechanically impossible for the piece to reverse its direction 
of whirling without reversing also the effective paddle plate beating. 
The pieces used in this experiment remained on the one side while rotat- 
ing. This reversed whirling followed any type of touching stimulus. 
Furthermore, the stimulus had the same effect whether it was applied 
anywhere on the jelly or directly on the paddle plate row. As far as 
could be observed, the aboral plate was the first to beat at the beginning 
of the normal metachronal wave and also at the beginning of the re- 
versed effective beat. This gives proof to the dominance of the aboral 
region, which is in agreement with Child (1917). I did not see re- 
versal of the metachronal wave of the paddle plates in the excised pieces 
of Mnemiopsis. Reversal of the metachronal wave in Pleurobrachia 
has been observed by Child (1933), who associated the lower degree of © 
reversibility in the lobate forms with their higher degree of differentia- 
tion of the transmitting path. 

When Mnemiopsis was cut transversely, dividing the animal into oral 
and aboral halves, the plates in the aboral half regained their rhythmic 
beating first. The fact that rhythm is slowly reéstablished in an oral 
half shows further the dominance of the aboral zone. Though the oral 
half established rhythmic beating within 24 hours, this was undoubtedly 
due to the reorganization of the tissue to reform the aboral center, since 
this center was completely reformed within 48 hours. Because of this 
rapid reformation of transmitting tissue, cutting a single plate from a 
row does not interrupt the rhythmic beating. This reorganization must 
have occurred in Beroe during the experiments of Eimer (1880), who 
observed the movements of the oral half to be indistinguishable from 
those of the aboral half. Lillie (1914), who cut strips of paddle plates 
from Eucharis, reported that they rounded up in much the same manner 
as did pieces of Mnemiopsis in my experiments. He stated that the two 
ends of the paddle plate row failed to fuse. This was true in pieces of 
plate rows of Mnemiopsis (Fig. 6). Lillie saw that the beating wave 
continued even over the open space in the jelly and concluded the im- 
pulse to be an electrical one which might well be transmitted across the 
gap through the water. A rapid reformation of the tissue in cut re- 
gions of Mnemiopsis demonstrates the possibility of the reformation of 
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the transmitting structure around the gap. This, then, instead of elec- 
trical impulses passing through the water, accounts for the transmission 
of impulses across the gap in pieces of Eucharis. 


SUMMARY 

1. The apical organ in the aboral zone is the center from which im- 
pulses travel out into the plate rows. 

2. The aboral impulses synchronize the plate movements in all eight 
rows except during slow movements. 

3. At low rates of plate beating each row becomes independent. 

4, The synchronism in the plate rows of a quadrant as a unit is more 
persistent than in the eight plate rows as a unit. 

5. The highest type of synchronized unit is demonstrated by a single 
plate row. 

6. A single plate row beating independently of other plate rows, 
whether normally located on the animal or detached from it, exhibits an 
aboral dominance. 

7. Swimming plates do not reverse either their metachronal or ef- 
fective beat while located naturally on the animal. 

8. Swimming plates reverse their effective beat on isolated pieces of 
plate rows, but they do not reverse their metachronal wave. 


9. Dilute solutions of methylene blue show the interplate structures 
in the plate rows to be entirely granular in nature without exhibiting any 
cellular elements. 


10. The codrdinating system of Mnemiopsis is demonstrated more 
definitely by physiological tests than by staining results. This system is 
superficially located along the plate rows. The fact that single isolated 
plates show a certain amount of autonomy and the fact that transmission 
in a plate row is immediately reéstablished following its interruption as 
produced by a cut show this system to be much more localized than has 
been heretofore believed. 
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INDUCED OVULATION AND ARTIFICIAL FERTILIZATION 
IN THE FROG 


ROBERTS RUGH 


(From the Zoélogical Laboratory, Columbia University, and 
from Hunter College) 


The relationship of the anterior pituitary to sexual maturity has been 
demonstrated by homoplastic implants in every major group of verte- 
brates. Various effects from precocious sexual maturity to induced 
ovulation have been reported for fishes (15); for Amphibia as repre- 
sented by frogs (24, 25), toads (14, 16), Triturus (2, 20), Triton (2, 
20) ; for reptiles as represented by snakes (15, 16) ; for birds by pigeons 
(6); and mammals by rats, mice, cats, rabbits, guinea pigs, and mon- 
keys (6). The purpose of this paper is to summarize briefly the work 
on the Amphibia and to present considerable new evidence as to the 
quantitative factors involved and a dependable technique for induced 
ovulation and artificial fertilization in the frog, Rana pipiens. 

In general, the extract of whole sheep or cattle anterior pituitary (8) 
has not proven to be effective with frogs and toads, though there are 
possible exceptions with Rana vulgaris (3) and Discoglossus pictus 
(17). Both the whole sheep pituitary extract and the Antuitrin-S from 
pregnant human urine, as dispensed by Parke, Davis and Company, 
have been useful in inducing ovulation with Triturus and Ambystoma 
(11, 22), though the Antuitrin-S seems to be more potent. Neither of 
these extracts has proven useful with toads (18). 

Heteroplastic implants from the hen, rat, pig, dog, cattle, snake, fish, 
opossum and frog proved to be ineffective with respect to inducing ovu- 
lation in toads (3, 7, 15). This raised the question of “ specificity,” 
especially since the toad, Bufo vulgaris, reacts only to homoplastic im- 
plants while the toad pituitaries are effective when implanted in the frog, 
Rana vulgaris (3). Recent evidence (23) does not support this conten- 
tention of species specificity of pituitary, since with large doses of pitu- 
itary from the garpike, Lepidosteus, both the toad, Bufo americanus, and 
the frog, Rana pipiens, were induced to ovulate. It was suggested in 
this paper that previous failures may have been due to insufficient im- 
plantations. While heteroplastic implants between fishes and Amphibia 
may prove effective, no amount of pituitary from the albino rat (23) 
would induce ovulation in either frog or toad. Further evidence for 
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the quantitative rather than qualitative relationship of the pituitary to 
ovulation is presented in this paper. 

Heteroplastic implants among the Amphibia have proven to be ef- 
fective in the following cases: 


Donor Recipient 


Bufo vulgaris Rana vulgaris (3) 

Rana pipiens Triturus viridescens (1) 
Bufo terrestris Triturus viridescens (4) 
Rana pipiens Bufo americanus (23) 


Homoplastic implants, as a rule, prove more effective. The follow- 
ing cases of successfully induced ovulation as a result of homoplastic 
implants have been reported among the Amphibia: 


Eurycea bislineata (20) 
Bufo arenarum (16) 

Bufo @Orbignyi (16) 

Bufo marinus (14) 

Rana pipiens (24, 25) 
Triturus viridescens (2, 29) 
Triton cristatus (2, 20) 
Steriochilus marginatum (20) 


The normal breeding season for eighteen species of frogs and toads 
is reported by Wright (26). 


MATERIALS AND METHODS 


Eggs of Rana pipiens have been secured from three hours to four 
days after initiating pituitary treatment, from August 26 to June. In 
all probability this period can be further extended to include the summer 


months. Eggs and tadpoles of Rana catesbiana were secured during 
the summer. 


Rana pipiens is obtained from Vermont after October 1, so that 
the normal hibernation supply of reserve food is stored within the body. 
The frogs are not crowded and are supplied with just enough water 
to keep the body moist. It is best to keep the animals in a cold room 
at about 10-12° C. until they are used. Strong solutions of potassium 
permanganate will prove useful in keeping down the red-leg which often 
develops. Forced feeding is not necessary, though this might facilitate 
the production of a second batch of eggs during a single season. Sud- 
den changes in temperature should be avoided. At room temperature 
the reserve food material is apparently rapidly consumed and the eggs, 
even if layed, are not normal. 
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The pituitary is best secured by inserting the scissors into the mouth 
at the angle of the jaw and, with two cuts, severing the upper part of 
the head from the body. Care must be taken to avoid injury to the pitu- 
itary, which is situated just posterior to the level of the eyes. The head 
is then inverted and the floor of the brain case is removed by cutting 
anteriorly, on either side of the brain, as far forward as possible. By 
gently lifting the bony base of the brain case and inverting it, the small 
pink pituitary will be seen adherent to the “ brain side” of this bony 
plate. Occasionally the pituitary may remain attached to the brain, sur- 
rounded by a flocculent white mass, where it can easily be picked off. 

The pituitary may be used immediately or may be preserved in 
distilled water or in 10 per cent alcohol. Water suspensions have 
retained their potency for over two months when kept in the ice box 
at 4° C. The pituitary is macerated when fresh so as to make a 
homogeneous suspension. Whole pituitary injected through a large 
hypodermic gives good results. The extraction method (8) has not 
been tried since it has not been necessary. 


Experiments to be reported here demonstrate that there is a quanti- 
tative rather than a qualitative difference between the male and the 
female pituitaries. For this reason the pituitaries from males and from 
females are segregated and are put up in concentrations which represent 


one female or two male pituitaries per cubic centimeter of suspension. 
This is, then, a suspension of known concentration which may have an 
unlimited life if kept in an ice box. 

Injections of the pituitary suspension are made directly into the 
body cavity. Following injection with a small hypodermic the frog is 
left in a dry container for a short period so as to allow the incision to 
heal over and prevent escape of the suspension. 

When amplexus is desired, control of egg-laying time is somewhat 
more difficult. Amplexus is unsuccessfully attempted when the male 
alone is injected, but is successful within twenty-four hours after proper 
injection of both male and female. Eggs will normally be laid during 
the early morning hours of the third day after two double injections of 
female pituitaries, giving rather high percentage of fertilization. There 
is greater percentage of fertilization, approximating 100 per cent, if the 
male is first injected twenty-four hours after the first injection of the 
female. This simply indicates a quicker reaction of the male, and 
amplexus is the necessary stimulus to the shedding of sperm. 

In controlled fertilization experiments it is not necessary to inject 
the males, since macerated testes of untreated males in any season will 
give active sperm within 20-30 minutes after dilution. The optimum 
concentration is about two testes to 10-15 cc. of pond or spring water. 





INDUCED OVULATION IN FROG 25 


Fertilization will not take place in a suspension of frog sperm in am- 
phibian Ringers. The spring water suspension of sperm will give 
normal fertilization as long as six hours after maceration of the testes, 
although the optimum time is approximately thirty minutes. In serial 
experiments where eggs are to be fertilized over a period of several 
hours one testis may be removed from each of two males and the pithed 
animals kept in the ice box until such time as the fresh sperm suspension 
is desired. The sperm suspension should be used at room temperature 
and should be spread thinly over the bottom of a finger bowl. The eggs 
can be stripped into this suspension, gently shaken (to separate), and 
fertilization will be ata maximum. Normally the eggs will undergo the 
second maturation division (which was interrupted at the metaphase to 
await insemination) within half an hour or so. 

Stripping is most easily accomplished with least strain on the frog 
or injury to the eggs by grasping the body of the female in the right 
hand, legs extended between the thumb and forefinger, and with the 
back of the frog against the palm of the hand. The left hand can be 
used to displace the frog’s legs and with gentle, even closure of the right 
hand, the pressure directed posteriorly, the eggs will slowly issue from 
the uterus. By this method the eggs may be stripped entirely at one 
time or in groups of fifty or more into each of 20-30 Stender dishes. 
Fertilization can best be accomplished as described above, by stripping 
directly into a concentrated sperm suspension which has been standing 
for thirty minutes. Attempts have been made to use an artificial salt 
solution which has the same osmotic pressure and salt balance as the 
oviduccal fluid of the frog (21) and should, therefore, not allow swelling 
of the jelly. This fluid does not prevent jelly swelling but does prevent 
fertilization. There may be some lethal action of the salt on sperm. 

The eggs are flooded after about fifteen minutes, using the same 
water that was used to make the sperm suspension. In half an hour, 
after the jelly has swollen, the eggs should be freed from the bottom of 
the finger bowl.. If the eggs are flooded too soon or a too dilute suspen- 
sion of sperm is used, the jelly of the eggs will swell before any sperm 
can reach the cortex. Rotation of the eggs, the sign of successful fer- 
tilization, is first seen within an hour after the complete swelling of the 
jelly. Rotation in these cases of artificial insemination is not, however, 
a necessary sign of normal fertilization since the jelly is often adherent 
to the dish or to adjacent eggs, exerting enough pressure to prevent nor- 
mal rotation. The eggs, which are surprisingly resistant to mechanical 
injury when covered with jelly, are cut apart with sharp scissors within 
a few hours. 

The eggs will not remain in good condition in the uterus for more 
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than a few hours unless the frog is kept in a cold room at 10° C. or 
lower. If the injection of pituitary suspension is properly timed in re- 
lation to placing the frog in the cold room, it is possible to slow up the 
passage of eggs from the ovary to the uterus. Care must be taken not 
to completely nullify the activity of the pituitary. Normally the eggs 
will accumulate in the uterus until they have all left the ovary unless 
they are forcibly removed by stripping or an insufficient quantity of 
pituitary has been injected. Ovulation can be induced in the cold room 
with stronger doses of pituitary. When the eggs are spontaneously laid 
by the female it is difficult, if not impossible, to fertilize them because 
of the mechanical impediment of the jelly. With proper control of 
temperature and pituitary a single pair of frogs should give healthy 
gametes over a period of two days at any time of the year. 

It is possible, in the above manner, to secure a female in a condition 
rarely found in nature. A dissected female may show eggs in every 
step of the process: in the ovary, in the body cavity, entering the ostium, 
many in the oviducts, and accumulating in the uterus. 


EXPERIMENTS 


A total of more than seventy-five sets of observations were made, 
twenty-six of which are reported above in composite form (Table I). 
The study included an analysis of the effect of the implantation as 


opposed to the injection method; the possible effect of the presence of 
the male and amplexus on ovulation; the relative potencies of male and 
female pituitaries in respect to both ovulation and amplexus; the stabil- 
ity of aqueous and alcoholic suspensions of frog pituitaries ; the amount 
of pituitary needed in different seasons to induce ovulation; a few cases 
of the inter-specific effect of pituitary injection; and the possible use 
of mammalian extracts in respect to amphibian ovulation. 


A few very recent observations (November, 1933) have suggested 
that the state of the female donor may have some relation to the potency 
of the pituitary. Mature female frogs (R. pipiens) were injected with 
whole (unmacerated) pituitaries taken from immature female frogs. 
Injection was through a fairly large hypodermic which would allow 
passage of the whole pituitary but would not involve sufficient injury 
to allow escape of fluid from the body cavity. In every instance ovula- 
tion occurred within twenty-four hours after a single injection of two 
such pituitaries. This quick reaction may have been caused by the 
special potency of the pituitaries rather than by the slight variation in 
injection technique. It is significant that two pituitaries are sufficient, 
if injected in the above manner, to induce ovulation in frogs within 
twenty-four hours during the fall months. 
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It is well known that the pituitary of castrate male rats is more po- 
tent than the pituitary of either normal male or normal female rats, 
and the pituitary of spayed female rats acquires additional potency over 
that of the normal female rat pituitary. Recent observations on the 
frog suggest that the pituitary of immature female frogs is at least as 
potent as that of mature female frogs and may be more potent in rela- 
tion to induced ovulation out of season. 


SUMMARY AND CONCLUSIONS 


1. The injection of a suspension of macerated frog pituitary has 
proven to be more rapid, more consistent in its effect, and more eco- 
nomical in the number of pituitaries needed, than has the method of 


implantation. The injection method has never failed when mature fe- 


males of R. pipiens have been injected with adequate doses of R. pipiens 
pituitary. 

2. Ovulation induced in the manner described in this paper does not 
represent an all-or-none reaction. The number of eggs that leave the 
pituitary depend, at least in part, on the quantity of pituitary injected. 

3. The pituitary may be macerated in distilled water and kept in the 
ice box for at least two months and will retain its potency, or it may be 
preserved in 10 per cent alcohol. 

4. The season of the year need not be a barrier to ovulation pro- 
vided sufficient pituitary suspension is injected. Eggs have been ob- 
tained from August 26 to June 2. 

5. The male and female pituitaries are not equally potent. The fe- 
male pituitary is at least twice as potent as that of the male in respect 
to inducing ovulation. Possible seasonal variations in pituitary potency 
have not been determined. 

6. There is no sex specificity of the pituitary hormone. Alternate 
injections of male and female suspensions into a female will induce 
ovulation, or into a male will induce amplexus. Potency differences are 
quantitative. 

7. Amplexus is unsuccessfully attempted when the male alone is 
injected with either male or female pituitary suspensions, and the fe- 
male will react by ovulation with or without the presence of the male. 
Ovulation in the female will not induce the male to attempt amplexus 
unless the male is also injected, and the reaction is therefore not related 
to ovulation. 

8. Amplexus and normal fertilization can easily be induced in the 
laboratory by the methods described in this paper. In almost any sea- 
son two female pituitaries injected daily will result in ovulation on the 
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second to the fourth day. The reaction may be hastened by stronger 
doses of pituitary. 

9, Ovulation has been induced in Rana catesbiana and Rana palustris 
by the use of pituitary suspension from Rana pipiens. The dose neces- 
sary to induce ovulation in RP. catesbiana is somewhat larger than that 
necessary for either of the other two species. 

10. Mammalian pituitary extracts, whole sheep pituitary, and the 
Antuitrin-S from pregnant human female urine have proven to be 
entirely ineffectual in respect to the ovulation in Rana pipiens. 

11. The males need not be injected with pituitary since they will 
give functional sperm in spring water at any season of the year. The 
only purpose in injection is to induce amplexus. 
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THE CONTROL OF THE DERMAL MELANOPHORES 
ELASMOBRANCH FISHES 


GEORGE H. PARKER AND HELEN PORTER 
(From the Woods Hole Oceanographic Institution! and, Marine Biological Lab- 
oratory, Woods Hole, Mass.) 


INTRODUCTION 


The color changes in the elasmobranch fishes have received scant at- 
tention. Aside from the negative results recorded by Schaefer (1921) 
for Raja clavata and Raja batis, the only account of this subject known 
to us is that given by Lundstrom and Bard (1932) in a paper devoted 
to the action of the pituitary secretions on the color changes in the dog- 
fish, Mustelus canis. In this paper it is shown in a very conclusive and 
adequate way that hypophysectomy is followed by a permanent paling 
of the fish and that this paling can be changed into a temporary darkening 
by the injection of pituitary extract. It is further shown by these au- 
thors that the changes thus experimentally induced agree in general with 
those normally excited in this fish by alterations in the tint of the back- 
ground. 

In their account of these changes Lundstrom and Bard give a very 
full description of the alterations of the fish from light to dark, but the 
reverse change is passed over with very slight comment. Although no 
specific statement is made by them on this point, it seems probable from 
the contexts in their paper that they regard the light phase of the dogfish 
as due to a decre&se in the amount of the pituitary secretions in the fish’s 
blood or possibly to a complete absence of these secretions from this fluid. 
According to them, this condition is in contrast to that in which there 


is an abundance of these secretions which thus induces the dark phase 


in the fish. That this dark phase is due to pituitary activity seems to 
us adequately and sufficiently shown and in this respect our own results 
fully agree with those of Lundstrom and Bard, but that the light phase 
is the consequence of the mere absence of the pituitary secretions ap- 
pears to us quite unlikely as the observations recorded on the following 
pages tend to prove. Our own work was carried out on the smooth 
dogfish, Mustelus canis, partly at the Woods Hole Oceanographic In- 
stitution and partly at the Marine Biological Laboratory. To the Di- 
rectors of these two establishments we wish to express our sincere thanks 
for the facilities and materials supplied us by which our investigations 
were made possible. 


1 Contribution No. 36. 
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CHANGES IN THE GENERAL COLORATION OF THE DoGFISH 


When a light-colored dogfish is placed in a black-walled tank il- 
luminated from above, the fish quickly becomes dark. The time re- 
quired for this change is from half an hour to an hour or two, and the 
subsequent retention of the fish in the dark-walled aquarium does not 
deepen further its tint. 

Whether of light or dark shade in the beginning, dogfishes from 
which the eyes have been removed become quickly dark and remain 
indefinitely so irrespective of the shade of their surroundings. Such 
blinded fishes attain as a rule a deeper gray than the maximum shown 
by the normal fishes in a dark-walled tank. In fact, the darkest dog- 
fish that we have ever seen was one whose eyes had been removed. 

Dark dogfishes placed in an illuminated white-walled tank become 
gradually very light. Occasionally under such circumstances they fail 
to reach the extreme of light coloration and will maintain even in fully 
light surroundings a gray tint. This failure of full response has also 
been noticed by Miss Lundstrom, who called our attention to the fre- 
quent occurrence of cataract-like obscurities in the dioptric portion of 
the dogfish eye and suggested these defects as a possible explanation 
of this failure on the part of certain dogfishes to turn fully light. Un- 
fortunately we were unable to test this suggestion. The majority of 
dogfishes, however, become extremely light in light surroundings and 
remain so. This paling is often associated with a pink tone that gives 
to the fish the appearance of a delicate blush. Such a coloration is 
doubtless brought about by the subdermal blood-vessels, which in conse- 
quence of the translucency of the skin in the light state show through 
this covering and thus affect the general tint of the fish. 

The establishment of the light phase in the dogfish is a relatively slow 
process. A dark fish when put in a white-walled tank grows light at 
first rapidly and then very much more slowly till the maximum lightness 
is reached. This maximum is attained only after two or more days 
whereupon the fish remains indefinitely pinkish white. 

What in general is thus slowly accomplished in a white-walled tank 
may be reached quickly by a subcutaneous injection of adrenalin chloride 
(Parke, Davis and Company). About five minutes after a dogfish has 
received a hypodermic injection of 0.5 cc. of diluted adrenalin, 1 part 
in 10,000, a general paling of the skin can be seen and half an hour later 
the fish is fully light. The degree of paling, even when 1 cc. of adrenalin 
is introduced into the fish, is seldom as pronounced as that seen in fishes 
from the white-walled tank, but occasionally the injected fishes reach 
what in our experience is the maximum of light coloration. 


It is comparatively easy to show by placing the pectoral fin of a dog- 
+ 
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fish under the compound microscope that the dark phase of the fish is 
due to the expansion of the dermal melanophores and the light one to 
their contraction. Excellent figures of these conditions have already 
been published by Lundstrom and Bard (1932). 


Fin Banps 


If in a moderately dark dogfish deep cuts transverse to the rays of 


any fin are made or similar cuts are inflicted on the body, these cuts 
give rise to light bands or splotches which are clearly visible in the skin 
for many hours or even days thereafter. If the spinal cord of a dogfish 
is transected in the posterior part of the body, the portion of the fish 
behind the cut becomes irregularly slightly lighter. The light bands are 
best seen when they are produced on the pectoral fins and are most easily 
induced by making a well circumscribed cut completely through the fin 
from one face to the other at right angles to the rays. Such an incision 
is conveniently made by means of a chisel with a cutting edge of about 
one centimeter. 

In the pectoral fin the course of the main blood-vessels can be easily 
seen through the translucent substance of that organ and the cut may 
be made either distal or proximal to the chief vessels, thus leaving the 
blood supply to the fin essentially undisturbed. The cut necessarily 
severs a number of the smaller vessels, but, if its position is well chosen, 
it can be shown to introduce no serious interference with the circulation. 
After such a cut has been made a light band quickly develops extending 
from the cut to the free edge of the fin. This band assumes the width 
of the cut, never more, and always extends over the fin distally from 
the cut, never proximally. It follows very closely the lines of the fin 
rays. Its detailed nature and fate depend upon the light or dark con- 
dition of the dogfish in which they are induced. 

In a dark dogfish the band is a lightish area of irregular outline (Fig. 
1). It is seen with certainty in from ten to fifteen minutes after the cut 
has been made and it reaches its maximum in about a day. After this it 
gradually fades out, to disappear completely in from two to three days. 
A narrow band three to four millimeters wide will, however, disappear 
in a little over a day; one of a centimeter wide will remain visible for 
as much as two to three days. The light band fades by being replaced 
with the dark coloration of the surrounding fin area, the center of the 
band near the periphery of the fin being the last to disappear (Fig. 2). 

When a cut is made in the pectoral fin of an eyeless dogfish, a light 
band also appears in about a quarter of an hour and then follows the 
usual course of disappearance. 

In a light dogfish the band is much more clearly defined in outline 
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PiateE | 
Dorsal View of Pectoral Fins from the Dogfish, Mustelus canis 


Fic. 1. A fin from a dark dogfish, showing a light band which appeared as a 
result of an incision transverse to the direction of the fin rays and about a centi- 
meter and a half from the edge of the fin. The figure represents the state of the 
band about an hour after the cut had been made. 

Fic. 2. A fin from a dark dogfish, showing a light band in process of gradual 
disappearance. The band was produced by the same kind of a cut as that shown 
in Fig. 1, but in the course of two days it became partly obliterated by the invasion 
of the general dark coloration. 

Fic. 3. A fin from a dark dogfish, showing a light band in process of dis- 
appearance, an operation here locally checked by a longitudinal cut on one side 
of the band. 

Fic. 4. A fin from a light dogfish, showing a light band several days after 
the initial transverse cut had been made. 
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than ina dark one. Its edges are sharply marked and they can be traced 
from the ends of the cut to the edge of the fin (Fig. 4). Although the 
fish may be extremely light in color, the band is always still lighter and 
agrees in tint with the white border of the fin. Unlike the light band 
on the dark fish, that on the light fish seems never to be obliterated. 
At least in all light dogfish kept by us in the laboratory tank the light 
band has persisted as long as the fish has lived, a period of at most about 
five days. When from a light dogfish with a light band the eyes are re- 
moved the fish darkens and the band eventually disappears as it does 
in an ordinary dark fish in which it had been induced by a cut. 


DIscUSSION 


We are entirely in accord with Lundstrom and Bard in holding the 
opinion that the dark phase of the dogfish is due to the action of an 
expanding hormone carried to the melanophores from the pituitary body 
by the blood. We are convinced of the correctness of this opinion 
partly because of the facts advanced by Lundstrom and Bard and partly 
because of our own results. If the blood of a dark dogfish is drawn, 
defibrinated, and injected subdermally into light and into dark dogfishes, 
it will be found to have no effect upon the skin of the dark fishes but 
to produce a well-defined dark area on that of the light ones. This 
dark area, which may measure several centimeters in diameter, surrounds 
the point of injection and when examined under the microscope can be 
shown to have been produced by the expansion of melanophores. 

Another observation that supports the general conclusion under con- 
sideration was made on operated fishes. If in a light dogfish a longi- 
tudinal cut parallel with the fin rays of the pectoral fin is made near the 
edge of a light band and the dogfish is put in a dark-walled tank, as the 
light band disappears it will last be seen next the longitudinal cut and 
on that side of it adjacent to the axis of the original band (Fig. 3). 
This method of disappearance is consistent with the idea of an invading, 
fluid-borne, expanding hormone such as has been claimed by Lundstrom 
and Bard. 

For these and other reasons we are fully convinced that the dark 
phase of the dogfish results from the application of a blood-soluble, ex- 
panding hormone to the dermal melanophores. 

The light-colored bands and their reactions as we have described 
them seem to us to be equally conclusive evidence that the light phase 
of the dogfish is dependent upon nervous action. To be sure, these 
bands follow the courses of the smaller blood-vessels and might therefore 
be attributed to an operative disturbance in the circulation. But, as 
already stated, the cut can be made either proximal or distal to the chief 
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blood-vessels of the fin and the resulting band, which may easily be 
two or more centimeters long, is in large part so far from the exciting 
incision that the local circulation is completely undisturbed. This can 
be easily demonstrated by inspecting under a compound microscope the 
living pectoral fin of an operated dogfish. If the light ventral face of 
such a fin be examined, the flow of blood in the capillaries within the 
limits of the band can be seen to be as free and as abundant as it is in 
the regions outside the band. There is thus no reason to attribute the 
formation of the band to any circulatory irregularity, and the conclusion 
that is naturally arrived at is that the only other radial system, namely 
the nerves, is responsible for the bands. 

The fin nerves run closely parallel to the fin rays and much more 
accurately so than the blood-vessels do. Since in light dogfishes the 
edges of the light bands follow very closely the courses of the rays, they 
must also follow the lines of the nerves. Hence we believe the light 
bands to be dependent upon the nerves. When a transverse cut is made 
in a fin a number of fin rays with their attendant nerves are severed and 
this severance is so vigorous a stimulus for these nerves that they excite 
the melanophores of their region to full contraction. The result of this 
response is that a light band is produced corresponding in extent to the 
area of distribution of the contracting nerves. Such a view coincides 
completely with what we know of the distribution of light spots and 


bands that result from skin cuts on other parts of the body of the dogfish. 
Spots or bands thus induced always extend from the region of the cut 
in the distal direction of the nerves and in no other. 


our opinion to the excessive activity of the severed contracting nerve 
fibers. 


They are due in 


How long their contracting activity can be kept up we do not know. 
The bands in a light dogfish will maintain themselves essentially un- 
diminished for as much as five days, the longest period that we have been 
able to keep an operated dogfish alive in the experimental tank. This 
period is much too short, judging from our results on Fundulus (Parker 
and Porter, 1933), to reach a condition of nerve quiescence and in our 
opinion the fin nerves concerned with melanophore contraction in the 
dogfish must be regarded as in more or less continuous action as a result 
of the irritation of the wound for a period of at least five days. 

During this period, however, there appears to be in the dogfish a 
certain amount of decline in activity. This is seen in the disappearance 
of the light bands in dark dogfishes. As already pointed out, the light 
bands which are indefinitely persistent in light fishes disappear in at 
most two or three days in dark fishes. This disappearance we believe 
to be due to the action on the contracted melanophores of the expanding, 
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blood-borne hormone which counteracts the contracting action of the 
nerves. When the fin nerves are first cut in a dark dogfish they are 
so vigorously stimulated that their activity predominates locally over 
that of the expanding pituitary hormone and the light band is formed. 
As time goes on, however, the melanophores of the band come more 
and more under the influence of the expanding hormone, a step rendered 


possible, we believe, by the subsidence in activity of the contracting 
nerve fibers. Thus the disappearance of the light band from the fin of 
a dark dogfish depends, in our opinion, in part at least on the gradual 
decline in the activity of the contracting fibers whereby the expanding 
hormone may assert itself. As already stated, we have never seen in- 
stances among dogfishes where this decline was complete, for if a dark 
dogfish in which the band has disappeared is put in a white-walled tank 
the band will reappear as the fish lightens. Nevertheless, we believe 
that in time this activity might completely subside, as it has been shown 
to do in the expanding fibers of Fundulus (Parker and Porter, 1933). 

It must be clear from what has been stated that in our opinion the 
darkening of the dogfish skin is due to the action of an expanding blood- 
soluble hormone on the dermal melanophores of the animal. It must 
also be clear that the paling of the dogfish skin results from the action 
of contracting nerve fibers on the melanophores, an action which when 
excessive may overcome that of the expanding mechanism. Do the 
contracting nerve-fibers produce a contracting substance or neurohumor 
comparable to the pituitary expanding hormone? Thus far we must 
answer this question in the negative and in consequence of two lines 
of evidence. First, when the defibrinated blood of a light dogfish is 
injected into a dark one, the skin of the dark individual does not lighten, 
showing that such blood carries no dissolved contracting neurohumor 
such as is stated by Meyer (1931) to occur in certain flatfishes. Sec- 
ondly, if the width of a newly-produced band in the pectoral fin of a 
light dogfish is accurately measured and if this measurement is compared 
with a second one of the same band in the same place made three days 
later, no increase in width can be noticed. This result is opposed to 
the view that the light band is due to a water-soluble neurohumor pro- 
duced by the contracting nerve fibers and more or less like the expanding 
bleod-borne hormone. If such a substance were present it most cer- 
tainly would induce an expansion of the band. The evidence here pre- 
sented, however, does not pre¢lude the possibility of a locally produced 
contracting neurohumor insoluble in blood or lymph, but it makes clear 
that if such a neurohumor is present, it is probably lipoid-soluble and 
would therefore be essentially local in action. 

The general conclusion to be drawn from this discussion is that the 
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color changes in the dogfish are of two types, one from light to dark 
due to an expanding, pituitary hormone carried from the gland to the 
melanophores by means of the blood and other body fluids, and another 
from dark to light due to a contracting local action of nerves. It is 
interesting to note that of the many animals in which the cutting of 
nerves produces a change in coloration, the dogfish is the first one to 
be recorded in which this change is a paling. All other forms exhibit 
a darkening when their chromatophoral nerves are severed. This we 
think is due to the fact that in the dogfish, unlike other fishes, probably 
only contracting nerves are present and that consequently in this fish 
these nerves have no others with which to compete as the contracting 
nerves of other fishes apparently have. On stimulation these nerves 
in the dogfish therefore assert themselves without hindrance. The dog- 
fish is further peculiar in that it presents a melanophore system in which 
the expanding action is unihormonal, modeled after that of an amphibian, 
and the contracting action nervous like that in most other fishes. 


SUMMARY 


1. The common dogfish, Mustelus canis, has a dark phase and a 
light one due to the expansion and the contraction of its dermal melano- 
phores. 

2. The dark phase is induced by pituitary secretions carried from 
the pituitary gland to the melanophores by tke blood and lymph as de- 
scribed by Lundstrom and Bard. 


3. The light phase is induced through the action of contracting 
nerves, and is not merely the result of the absence of pituitary secretions. 

4. The expanding hormone is water-soluble. The contracting one, 
if there be such, is apparently not water-soluble. 

5. The dogfish is remarkable as the first form to be described in 
which the cutting of nerves induces a contraction of the melanophores 
and a consequent lightening of the skin. 
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The differentiation and growth of the anuran tympanic membrane 
during the metamorphosis of the tadpole has until recently been studied 
only from the structural standpoint. Thus, Moldenhauer (1878) fig- 
ured and described the histological structure of the tympanic membrane 
in Rana esculenta and Rana temporaria. More recently, Tokura (1925) 
worked out the peculiar fibrous complex typical of the dermal portion of 
the membrane in Rana nigromaculata, a variety of Rana esculenta. The 
writer (1928), working with Rana pipiens, was able to confirm the struc- 
tural findings of the earlier workers and in addition determine the de- 
velopmental interrelationship between the annular tympanic cartilage and 
the integumentary portion of the tympanic membrane and later (1931), 
the relationship of the columella to the development of the lamina pro- 
pria portion of the membrane. The latter results may be briefly stated 
as follows: Any integument transplanted over the annular tympanic 
cartilage will develop into tympanic membrane ' during larval involution. 
Conversely, integument of the tympanic membrane region fails to trans- 
form into tvmpanic membrane during metamorphosis when previously 


transplanted to the back or side. Extirpation of the annular tympanic 


cartilage inhibits the development of tympanic membrane, while trans- 
plantation of the annular tympanic cartilage beneath integument of the 
hack or side initiates tympanic membrane formation in these tissues. 
In a like manner, extirpation and transplantation experiments with the 
columella were conclusive in showing that the latter structure is re- 
sponsible for the development of the yellow fibrous portion of the 
lamina propria layer of the membrane. 

The tympanic membrane as it is found at the close of larval involu- 
tion appears to be fully differentiated both as regards external appear- 
ance and histological structure. Following larval involution, however, 
the membrane continues to increase in size and in fact does not attain 
its maximum dimensions until growth of the frog as a whole is com- 
plete, years later. This fact is provocative of several interesting prob- 

1 The term tympanic membrane or membrane as used here and throughout the 


present paper refers only to the integumentary portion of the membrane and is not 
meant to include the lamina propria or internal epithelial layers. 
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lems which may be stated in the form of the following questions: Does 
the annular tympanic cartilage continue to exert a developmental influ- 
ence on the growth of the tympanic membrane after larval involution 
is complete, or is the membrane’s post-larval growth a self-sustaining 
phenomenon unrelated to the cartilage? Furthermore, is the histo- 
logical integrity of the tympanic membrane at any stage of its growth 
dependent on influences arising from the annular tympanic cartilage 
or can it maintain its cytological structure when transplanted away 
from the cartilage? 

The results of the present paper concern experiments devised to 
answer the above questions. Briefly, they consist of the reciprocal 
transplantation of fully-differentiated tympanic membrane with integu- 
ment from the back of newly-metamorphosed frogs. The subsequent 
development of tympanic membrane structures in the back-skin trans- 
plants would lead one to conclude that the annular tympanic cartilage is 
still productive of developmental influences following larval involution, 
while failure to obtain membrane development would lead to the reverse 
conclusion. Likewise, the maintenance of tympanic membrane histo- 
logical structure, following transplantation to the back, would indicate 
post-larval stability and independence of the membrane, while cyto- 
logical regression of the membranes would imply their continued de- 
pendency on the annular tympanic cartilage. 


MATERIALS AND METHODS 


The species selected for the various transplantations were Rana 
palustris and Rana clamitans. Specimens of both these species were 
collected in considerable quantity in the vicinity of Lake Winnisquam, 
New Hampshire, during the months of July and August, 1932. Only 
individuals nearing the close of the involution period were collected. 
These were isolated in individual aquaria, thus making possible the 
selection for operative work of specimens whose exact post-metamorphic 
age was known. 

The technique employed for the reciprocal transplantation of the 
tympanic membrane with integument of the back was as follows: Young 
frogs were first selected at a stage two to three weeks following the 
disappearance of all vestiges of a tail stump. At this time the tympanic 
membrane is fully formed, as regards external shape, coloration, and 
histological structure. The animals were now anesthetized in chloretone 
solution and under a binocular microscope membranous and integu- 
mentary squares of tissues removed for transplantation. In removing 
the tympanic membrane, a four-sided incision was first made in the skin 
of the neck region (TC, text figure 1) inclosing the membrane. The 
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square of integument and tympanic membrane was now carefully loos- 
ened from the underlying musculature and annular tympanic cartilage 
by means of a small flat spear-head needle and the whole tissue finally 
stripped off by gently pulling with a pair of forceps. Considerable care 
is necessary in order not to injure the under layers of the tympanic 
membrane or the thin, delicate lamina propria covering the annular tym- 
panic cartilage. A square of integument of approximately the same size 
was next removed from the middle of the back of the same animal (BC, 
text figure 1). Back integument is easily stripped off due to the rela- 
tively few points of adhesion with the musculature of that region. The 
square of back integument was now trimmed to fit the wound area left 
by the removal of the tympanic membrane and finally transplanted to 
that area. The tympanic membrane square of integument was next 
transplanted to the wound area on the back and the animal partially 
submerged in water so as to expose the two wound areas to the air. 
Within ten to fifteen minutes, the transplants had adhered sufficiently 
to permit total submergence of the animal. 

The various animals so operated on were maintained in individual 


glass aquaria for the purpose of daily observation of the transplants and 
the appearance of macroscopic changes indicative of tympanic membrane 
development or regression, as the case might be. During this period it 
was not found necessary to feed the animals. When it later became evi- 
dent that a specimen was destined to die soon, the entire animal was 
fixed in Bouin’s fixative. The fixation of the transplants while still on 
the hosts was found desirable in that integumentary transplants removed 
from their host before fixation usually tend to curl up or wrinkle, mak- 
ing subsequent sectioning and histological examination difficult. 


RESULTS 
Forty-seven reciprocal transplantations were made as described 
above using Rana palustris frogs and thirty-five using young Rana 
clamitans frogs. Of these, twenty-six of the former species and nine- 
teen of the latter lived for at least three weeks following the transplanta- 
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tion of the grafts. Individuals dying before the three-week stage were 
not preserved or fixed for future examination, since it was believed that 
twenty-one days was approximately the minimum time necessary for 
development or regression of tympanic membrane structure under the 
conditions of the experiment. Only the results of individuals living for 
three weeks or more, therefore, are described below. 


Development of Tympanic Membrane in Back Integument 


Rana palustris transplants —Of the twenty-six animals surviving the 
three-week period, fourteen were fixed within one to two weeks later, 
seven within two to three weeks later, while one individual lived for 
over eight weeks following transplantation. All individuals gave evi- 
dence of some degree of tympanic membrane formation as based 
on external appearance. Usually, however, only slight macroscopic 
changes were observed. These consisted mainly of coloration changes 
in the integument resembling the brownish hue of normal membranes. 
The characteristic iridescence of fully-formed tympanic membranes was 
usually not attained, however. Partial to complete “ outlining ” of the 
membrane was usually exhibited. Such “ outlining” always occurred 
as a narrow, pale line corresponding to the outer rim of the annular 
tympanic cartilage beneath the integumentary transplant. In general, 
it may be said that the degree of macroscopic changes observed was 
correlated with the length of time the transplant was associated with 
the annular tympanic cartilage. Thus several of the older cases, in- 
cluding most of those living for from five to six weeks and the one 
surviving eight weeks following integumentary transplantation, devel- 
oped quite typical tympanic membranes closely paralleling the normal 
membranes on the left side of the same individuals. 

Histological sections gave evidence that definite characteristic cyto- 
logical changes had occurred typical of tympanic membrane formation. 
These were also closely correlated in degree with the extent of the 
macroscopic developments recorded at the time of fixation of the trans- 
plants. The majority of the transplants exhibited but early histological 
signs of membrane formation. These included loss of the convoluted 
appearance of the stratum compactum, the partial disarrangement of 
the fibril bundles of the latter, and a diminution in thickness of the 
layer. The stratum spongiosum was also usually greatly reduced in 
thickness, while the cutaneous glands of this region were also reduced 
both in size and number. The transplants which had developed more 
complete macroscopic signs of membrane formation were characterized 
by a reéstablishment of the stratum compactum elements in slight wavy 
bundles characteristic of fully-formed tympanic membrane structure. 
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The stratum spongiosum was also quite typical in that cutaneous glands 
were either entirely absent or represented by small degenerating vestiges. 
Figure 2, Plate I, represents a section through one of the fully-developed 
membranes in which the above histological changes had occurred. The 
histological appearance of back integument of Rana palustris, from 
which this membrane was developed, is represented in Fig. 1, Plate I. 
The stage of development, previously described by the writer (1928) in 
the development of Rana pipiens tympanic membrane in which the basal 
cells of the epidermis undergo hypertrophy, was not found in sections 
of either Rana palustris or Rana clamitans membranes. Although this 
developmental stage may not be characteristic of the two latter species, 
it seems more logical to assume that due to the relatively short time 
interval occupied by this transitory hypertrophy (as found in Rana 
pipiens), the developing membranes as studied in the present work were 
not fixed at the exact stage necessary to show this effect. 

Rana clamitans transplants —Of the nineteen animals surviving the 
three-week period, the majority were fixed within one to two weeks later, 
four within two to three weeks later, while one lived for over seven weeks 
and another for over nine weeks following transplantation. The results 
of the Rana clamitans series were quite similar to those as described for 
Rana palustris. External signs of membrane formation again exhibited 
considerable variation in degree of development correlated closely with 


Explanation of Figures 


1. Normal Rana palustris back integument at stage used for transplantation 
over the annular tympanic cartilage. Note the characteristic convolutions of the 
stratum compactum and the presence of numerous cutaneous glands. Rana clami- 
tans back integument, as used for transplantation, presented practically the same 
histological appearance. 

2. Fully-developed tympanic membrane formed in Rana palustris back integu- 
ment transplanted six weeks before over the annular tympanic cartilage. Note ab- 
sence of cutaneous glands and wavy appearance of stratum compactum. 

3. Showing stability of fully-differentiated Rana clamitans tympanic membrane 
thirty-six days following autoplastic transplantation to the back. Tympanic mem- 
brane shown below region X; adjacent back integument shown above region X. 
The tympanic membrane has retained practically the same histological appearance 
that it had when transplanted. 

Abbreviations 


ATC, annular tympanic cartilage M, muscle 
C, tip of columella P, pigment cell 
D, duct of cutaneous gland SB, subcutaneous connective tissue 
E, epidermis SC, stratum compactum 
EF, thickened elastic fiber region of SS, stratum spongiosum 
lamina propria TC, tympanic cavity 
G, cutaneous gland TT, tensor tympani 
TE, inner epithelial layer X, fusion region of transplant and ad- 
LP, lamina propria jacent back integument 





AMPHIBIAN METAMORPHOSIS 


Pate I 





44 O. M. HELFF 


the time the integumentary transplant was in contact with the annular 
tympanic cartilage. Coloration changes were somewhat different for 
the Rana clamitans series but characteristic of the species, while “ out- 
lining ” of the area to develop into tympanic membrane was usually not 
as complete or distinct as compared with the Rana palustris series. The 
microscopic appearance of the developing membranes also closely ap- 
proximated the conditions as described for similar developing membranes 
in Rana palustris integumentary transplants. Where differences oc- 
curred, they were concerned entirely with size variations of the integu- 
mentary layers and their cytological constituents. The various histo- 
logical changes were always, however, characteristic of tympanic mem- 
brane formation. The two integumentary grafts maintained for seven 
and nine weeks, respectively, over the annular tympanic cartilage de- 
veloped especially well-developed tympanic membranes both as regards 
external and microscopic appearance. 


Stability of Tympanic Membrane following Transplantation 


The behavior of the Rana palustris and Rana clamitans tympanic 
membrane grafts transplanted to the back was practically the same, for 
which reason they will be described collectively. When originally trans- 
planted, the squares of integument containing the centrally located circu- 
lar tympanic membranes were at first surrounded by a wound area sep- 
arating them from the integument of the back. This wound area was 
shortly covered with epidermis, while formation of the subepidermal 
layers required a much longer period of time. The preponderance of 
grafts maintained their healthy appearance and became firmly attached 
to the musculature of the back. In fact, the attachment was usually 
more firm than that of the normal back integument. Several Rana 
palustris transplants, however, underwent degeneration resulting in par- 
tial disintegration. These were discarded. 

The majority of the transplants underwent slight regressive changes 
as viewed externally. A partial loss of the characteristic tympanic 
membrane coloration occurred, although a distinctive brownish hue was 
always retained. The indentation of the membranes, quite character- 
istic when in their normal orientation over the annular tympanic carti- 
lage, usually became progressively less pronounced. The above two 
macroscopic changes were always most evident in membranes remaining 
the longest on the back prior to the fixation period. In many cases 
where the transplants were fixed within four weeks following their 
transplantation, no macroscopic changes developed ; the membranes ap- 
pearing practically the same as when transplanted. 

The microscopic changes observed in membranes exhibiting external 
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regression were correspondingly slight in extent. Where they occurred 
at all, they consisted of but moderate thickening of the stratum com- 
pactum and stratum spongiosum layers. No cutaneous glands were ever 
observed developing in the latter layer, however, while the sub-epidermal 
pigment cells always appeared quite typical of tympanic membrane struc- 
ture as regards size, number, and distribution. Figure 3, Plate I, repre- 
sents a Rana clamitans tympanic membrane transplant thirty-six days 
following transplantation, which retained practically the same histo- 
logical features it had when originally transplanted to the back. The 
results in general, therefore, show that tympanic membrane is subject 
to but slight regressive changes when transplanted away from the annu- 
lar tympanic cartilage, while many cases exhibit no regression at all. 


DIscussION 


The comparative slowness of tympanic membrane formation in back 
integumentary grafts transplanted over the annular tympanic cartilage 
calls for explanation. In this regard it may be said that the average 
time taken for the development of early tympanic membrane changes 
was approximately three weeks for either Rana palustris or Rana clam- 
itans. The writer (1928) found, however, that similar developments in 
Rana pipiens, using the same type of transplantation, occurred on the 
average in about nine days. The comparative slowness in Rana clam- 
itans as contrasted with Rana pipiens might be explained by the fact 
that the former species requires a considerably longer time for larval 
involution and hence development of its adult structures. This ex- 
planation, however, cannot be applied in the case of Rana palustris, 
since the latter species metamorphoses in about the same time as Rana 
pipiens. It seems more probable to attribute slowness in membrane 
formation to the fact that the transplanted back integument of the 
young Rana palustris and R. clamitans frogs was thicker and possibly 
less responsible to developmental changes as compared with the larval 
back integument used in the Rana pipiens transplantations. Further- 
more, development was no doubt retarded due to the fact that the an- 
nular tympanic cartilage of young frogs, as used in the present work, 
possesses a less intense developmental influence as compared with the 
developing cartilage which initiated tympanic membrane formation in 
the Rana pipiens experiments. 

The results of the present paper indicate that the structure of anuran 
tympanic membrane, following larval metamorphosis, is quite stable and 
not subject to any great degree of regression when contact with the an- 
nular tympanic cartilage is terminated. This stability of structure is ap- 
parently only true of the fully-differentiated membrane, since earlier 
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work by the writer (1928) has shown that membranes in various de- 
velopmental stages during larval involution tend to undergo regression 
back to normal integument following extirpation of the annular tympanic 
cartilage. It would appear, therefore, that the more fully-differentiated 
the tympanic membrane, the more stable it becomes and the less de- 
pendent it is on the annular tympanic cartilage in this respect. 

The present work has shown that the annular tympanic cartilage of 
the young frog is still capable of inducing tympanic membrane formation 
in integumentary transplants placed over it. The intensity of this in- 
fluence is not as great as has been shown to be true of the same cartilage 
in its developmental period during late larval involution, but the influence 
as such still persists. The question naturally arises, therefore, as to 
whether or not the annular tympanic cartilage actually operates to bring 
about the enlargement of the tympanic membrane as it occurs during 
the growth of the young frog. That the annular tympanic cartilage is 
wholly responsible for the enlargement of the tympanic membrane, seems 
evident from unpublished results of the writer which indicate that no 
increase in size of the membrane is possible following extirpation of 
the cartilage in young frogs. The problem therefore resolves itself into 
the question of just how the tympanic membrane increases its area under 
the influence of the annular tympanic cartilage. Two possibilities are 
evident in view of the present results. The enlargement of the mem- 
brane is due either to multiplication and growth of the various constituent 
layers already formed, or else to the transformation of peripheral in- 
tegument into new tympanic membrane. Whether either one or both 
of the above methods operate to bring about membrane enlargement 
cannot be stated at this time due to lack of suitable data. In any case, 
the annular tympanic cartilage supplies the developmental or growth 
influences operative to bring about the enlargement of the membrane. 
The writer is more inclined to believe that the annular tympanic cartilage 
functions to transform peripheral integument into more tympanic mem- 
brane which is added to the more centrally located membrane already 
formed. While the results of the present paper strongly suggest this 
mode of membrane enlargement, the problem still awaits an adequate 
solution. Further experiments are planned regarding this question. 


SUMMARY AND CONCLUSIONS 


Previous work had shown that contact of the annular tympanic carti- 
lage with overlying integument induced transformation of the latter 
into tympanic membrane during metamorphosis. Whether or not this 
influence persists following metamorphosis and whether or not main- 
tenance of tympanic membrane structure is dependent on continued as- 
sociation with the cartilage was determined as follows: 
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Young R. palustris frogs were selected two to three weeks following 
complete metamorphosis. Integument including the tympanic membrane 
was removed and a similar piece of integument was cut from the back. 
Reciprocal transplantation of the two grafts was then made, autoplasti- 
cally. Within three to five weeks definite though slight external signs 
of tympanic membrane formation were evident in the back-skin grafts 
over the annular tympanic cartilage. Histological examination showed 
slight to pronounced signs of membrane development. The membrane 
grafts made to the back showed only slight signs of regression, either 
macroscopic or histological. 


Similar reciprocal transplantations were made on young R. clamitans 
frogs with somewhat similar results. Again only slight regression was 


observed in membranes transplanted to the back, while membrane forma- 
tion in grafts over the annular tympanic cartilage varied from slight to 
very pronounced transformation. 

The conclusion is reached that annular tympanic cartilage continues 
to exert its developmental influence on membrane formation for some 
time following metamorphosis, but with decreasing intensity. Also, that 
fully-formed membrane is quite stable and not susceptible to serious re- 
gression when removed from contact with the annular tympanic cartilage. 
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THE AIR TURBINE FOR HIGH SPEED CENTRIFUGING OF 
BIOLOGICAL MATERIAL, TOGETHER WITH SOME 
OBSERVATIONS ON CENTRIFUGED EGGS 


E. NEWTON HARVEY 
(From the Loomis Laboratory, Tuxedo Park, New York, the Physiological Lab- 
oratory, Princeton University, and the Marine Biological Laboratory, 
Woods Hole) 

There are two main difficulties to be encountered in centrifuging 
living cells at high speed. First, they may be crushed against the bottom 
of the container by the high forces developed. This can be obviated 
by suspending the material in a medium of graded density so that it 
comes to lie in a stratum of equal density and is completely cushioned 
against crushing. For this purpose mixtures of isotonic sucrose or 
raffinose * and salt solution may be used with material normally bathed 
in sea water or salt solution, while neutralized gum arabic will serve for 
fresh water forms. 


Second, heating of material is bound to occur due to air friction 
unless the centrifuge is run in a vacuum or in hydrogen at low pressure, 


a procedure which introduces complicated accessory apparatus and is 
decidedly objectionable from the biological standpoint. 

This difficulty is avoided by the use of the air turbine (Henriot and 
Huguenard 1925, 1927) perfected by Beams (1930, 1931, 1933) and 
fully described by him. Suffice it to say that a small top-shaped bear- 
ingless rotor (Fig. 1) with thirty grooves or flutings cut in its sides 
revolves on an air cushion of whirling jets of air, which hold it in place 
by the principle of Bernouilli. The constantly expanding air maintains 
the rotor a few degrees below room temperature. There are eight jets 
of air in the stator? I have been using, coming from diagonally bored 
holes of %o inch diameter which connect with a reservoir of air at a 
pressure that can be varied from 0 to 120 lbs. per sq. in. (Figs. 2 and 3). 
A vertical hole of 4» inch diameter in the bottom of the stator is con- 
nected with an air supply at lower pressure and serves as a supporting 
jet. By the adjustment of the rotating air pressure and the supporting 
air pressure, rotors of varying size and shape can be made to revolve 
smoothly. A more recent design (Beams, Weed, and Pickels, 1933) 
of the stator omits the supporting pressure. The vertical hole is open 
to the atmosphere and the air sucked in automatically maintains the rotor 

1 A trisaccharide with higher molecular weight and greater density for isosmotic 
concentrations. 

2 Kindly constructed for me by Mr. A. J. Weed under Dr. Beams’ direction. 
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in a stable position of rotation. Garman (1933) has described details 
of construction for efficient rotation. 

Since eight holes of %o inch will deliver 1.61 cu. ft. of air at 100 
lbs. pressure and one hole of 4%» inch diameter will deliver 3 cu. ft. of 
air at 10 lbs. pressure, the total air capacity necessary is about 18.7 cu. ft. 
per minute at 100 lbs. pressure. The air compressor should be capable 


of delivering this and should be a 5 H.P. outfit. 


re. ¢ eo | d 


Fic. 1. Rotors for air turbine. (a) cover for tube type; (b) tube type rotor 
showing grooves for centrifuge tubes; (c) rotor for microscope observation; (d) 
tube type rotor with cover on; (¢) bottom of rotor showing flutings. 


Fic. 2. Stator mounted in a steel protecting case with pressure gauges to 
read rotating and supporting pressures and microscope mounted for observing 
material. Note canvas for catching rotor when it is to be stopped or if it jumps 
out of stator. 
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The centrifugal forces developed at high pressures are enormous and 
adequate protection in the form of steel casing or sand-filled barriers 
must be provided to prevent injury from exploding rotors. A strip 
of canvas under the stator (Fig. 2) serves to catch the rotor if it becomes 
unstable and moves out of the stator. 

Rotors of various types can be used. Beams (1931) has described 
rotors into which material can be introduced and from which it can be 
taken while rotating and also methods of observing the sedimentation 
velocity of particles (Beams, Weed, and Pickels, 1933). I have al- 
ready described (Harvey, 1932) a type* designed for observation of 


material with the microscope while being centrifuged. The complete 


Fic. 3. Near view of rotor on stator with microscope and illumination. 


outfit is shown in Fig. 3 with rotor resting on stator, microscope, and 
illumination. The optical system is shown in Fig. 4. The:light is a 
small 2-volt electric flashlight bulb, an image of whose straight filament 


is thrown by a lens on the cells to be observed, parallel to a radius of 
rotation. The chamber to hold the cells is made from Pyrex tubing, 
sealed and flattened at one end, and ground and polished to fit in position 
in the rotor. The straight end of the chamber where the cells are 
thrown by centrifugal force must come in position over the stellite mirror 
so that its image is reflected into the tube of the microscope. - A perfect 
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image is obtained. Careful construction of the chamber and a cushion 
of picene will prevent breakage at relatively high centrifugal forces, but 
special treatment of the glass (Beams, Weed, and Pickels, 1933) is nec- 
essary at very high speeds. The chamber is shown in Fig. 5, A. 

For centrifuging in tubes the rotor * shown in Fig. 1 is most con- 
venient. This rotor can be made of solid steel rod 1%4 inch diameter, 
turned to shape, with two crossed grooves to hold centrifuge tubes 
milled in the upper surface. A cover of duraluminum fits over the 
grooves and is held in place by a machine screw. For low speeds the 
tubes can be made of thick-walled Pyrex tubing, but for high speed 
they are best made of duraluminum or aluminum, which are light and 
do not easily corrode. Holes are bored in square duraluminum rod 


Fic. 4. 


Optical system for microscope observation -of material rotating at 
high speed. 


and the end rounded in one plane to fit the groove in the rotor as shown 


in Fig. 5, B. Only ordinary precautions are necessary to make tubes 


of the same weight, since the rotor assumes its own position of equi- 
librium when revolving and a considerable amount of unbalance does 
not interfere with the stability of the rotor, provided the supporting 


8 Constructed by Mr. P. Miller at the Loomis Laboratory, Tuxedo Park. 
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and rotating pressures are properly adjusted. The rotor is started by 
placing it on the stator and turning on the air. It is stopped by scrap- 
ing it off the stator onto the canvas with a strip of cardboard while 
rotating. 

I find that sensitive organisms like Paramoecium live for days in 
culture medium containing duraluminum or aluminum filings but are 
killed in twenty-four hours in contact with monel metal filings. Ar- 
bacia eggs develop into plutei in contact with duraluminum filings. 

The rate of rotation can be determined in a number of different 
ways, most simply by a stroboscopic method. A mark of black paint 
is made at one point on the rotor and this is observed with a Neon lamp * 
flashing at a rate that can be varied. This rate is obtained by setting 
a number of brass contact points in a bakelite commutator disk in con- 
centric circles of say 4, 6, 8, 10, 12, 15, and 18 contacts. The disk is 
revolved by a variable speed motor whose speed can be read on a 
tachometer. A contact spring presses against the contact points on 
the disk, thereby applying 180 volts from B batteries to the Neon lamp. 
The speed of the motor is adjusted and a contact circle is selected so 
that the Neon lamp flashes at the same rate as the rotor revolves, when 


Fic. 5. Glass chamber (A) for microscope observation and duraluminum tube 
(B) for high speed centrifuging. The scale shows dimensions in mm. 


the mark of black paint will appear to stand still. The revolutions of 
the motor times the number of contact points gives the speed of the 
rotor. It is necessary to make certain that the speed of the rotor is 


not some multiple of the stroboscopic rate. This can be ascertained by 
flashing the Neon lamp at a relatively low rate and observing the se- 
quences of images of the black mark on the rotor as its speed increases. 
Three images mean 14 the speed of the flashing Neon lamp, two images 
4 the speed, one image the same speed. When the speed of the rotor 
is increased to the point where a second single image appears (the Neon 


4The Neon lamps used in television work with a large rectangular glowing 
electrode give enough light for use in a slightly darkened room. 
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lamp flashing at the same rate), its speed is twice that of the Neon 
lamp. In this way a curve can be plotted relating speed of the rotor 
to rotating pressure. 

This curve can be checked in another way. The top of the rotor 
is painted flat black except for a small area of metal which is polished. 
An intense beam of parallel light is directed on the rotor so that the 
polished area reflects the light into a photocell. The photocell current 
is amplified and thrown into a loud speaker and the pitch of the sound 
compared with a tuning fork of known frequency. Or, an electrically 
driven tuning fork can be simultaneously connected with the photocell 
amplifier and the beats observed. 

In this manner the steel rotor used for duraluminum tubes was found 
to have a speed of 800 R.P.S. at 20 lIbs., 1,140 R.P.S. at 40 Ibs., 1,460 
R.P.S. at 60 Ibs., and 1,800 R.P.S. at 80 Ibs. rotating pressure. Since 
the end of the tubes are 1.5 cm. from the center of rotation the cen- 
trifugal force at 20, 40, 60, and 80 Ibs. pressure is, respectively, 38,000, 
78,000, 128,000, and 144,000 times gravity. 

Using the tubes and egg cells suspended in isotonic sugar plus sea 
water mixtures of graded density, it is an easy matter in a very short 


A. B. 


Fic. 6. (A) Unfertilized mature and immature starfish eggs (Asterias for- 
besii) fragmented by rotation for 10 minutes at 84,000 X g. (B) Nereis limbata, 
unfertilized immature eggs, rotated for 10 minutes at 84,000 X g. 


time to stratify eggs which ordinarily stratify only with the greatest 
difficulty, such as the unfertilized egg of Nereis and immature and un- 
fertilized mature eggs of the starfish. The former cannot be frag- 
mented since the chorion is too tough, but the latter readily separate 
into many pieces, spheres, or elongate cylinders (Fig. 6, 4). The cyl- 
inders slowly round up again in sea water. Cumingia eggs may likewise 
be pulled apart into small fragments. Arenicola and Phascolosoma eggs, 
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unfertilized, stratify readily but do not pull into fragments because of 
the strength of the chorion, although there is some elongation. 

Nereis eggs rotated 1300 R.P.S. (84,000  g.) for 10 minutes are 
somewhat elongated (Fig. 6, B). They develop when fertilized, pro- 
ducing apparently normal swimming larvae. In sea water no redistri- 
bution of the granules occurs in the unfertilized eggs even after a period 
of twenty-four hours. 

Arbacia eggs fertilized and centrifuged for 10 minutes at 84,000 « 
g., 29 minutes after fertilization (at 20° C.) become markedly stratified 
with even the red pigment completely thrown down. With ordinary 
forces (10,000 X g.), many of the red pigment granules stick to the 
egg surface. In some eggs the oil may be pulled through the fertiliza- 
tion membrane. Fertilized Arbacia eggs subjected to such high cen- 
trifugal forces at 5, 29, 42, and 55 minutes after fertilization are all 
markedly stratified and many of them develop into apparently normal- 
looking, free-swimming blastulae. A more careful study must be made 
to detect possible slight abnormalities in the larvae of “ supercentri- 


fuged” eggs, since it seems almost certain that eggs which are equi- 


potential, nevertheless contain organ-forming substances that can be 
moved by these forces. With non-equipotential eggs the organ-forming 
substances should be readily moved. 

The stroma from hemolyzed erythrocytes can be readily thrown 
down, as well as corpuscles “ reversed” from hemolysis by addition of 
salt. Many uses in connection with erythrocyte behavior suggest them- 
selves. 


SUMMARY 


The air turbine centrifuge, suitable for biological investigations with 
very high centrifugal forces, is described, together with some observa- 
tions on living cells. 
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THE GLOCHIDIAL CONGLUTINATES OF THE ARKANSAS 
FANSHELL, CYPROGENIA ABERTI (CONRAD)? 


THOMAS K. CHAMBERLAIN 


U. S. Bureau or FIsHERIES LABoraAToRIES, UNIVERSITY OF MIssoURI 


The successful transfer of ripe glochidia from the maternal marsu- 
pium to the gills of the proper host fish constitutes one of the critical 
events of the life cycle of the fresh-water mussel. The difficulties of 
this transfer, which is accomplished largely as a matter of chance, are 
offset by the production of enormous numbers of glochidia, rather than 
by special structures or devices. It is, therefore, of interest to find a 
species of fresh-water mussel, Cyprogenia aberti (Conrad), the Arkan- 
sas fanshell, which has developed a special type of conglutinate that 
apparently serves to lure fish, since these conglutinates readily attracted 
fish, and when eaten by fish produced glochidial infections on the gills 
of these fish. 

On February 2, 1932, a bright red, worm-like object about 1 mm. in 
length was observed projecting approximately 1.5 cm. from the exhalent 
syphon of the specimen of the Arkansas fanshell, in one of the experi- 
mental tanks. This mussel and others, both of the same and different 
species, which had been collected from the St. Francis River, Arkansas, 
during the preceding September and shipped to the laboratories at the 
University of Missouri, were living undisturbed in sand at the bottom 
of a large hatchery tank through which fresh water was constantly 
flowing. The anterior end of this red object was expanded into what 
appeared to be a definite cephalic portion and the whole structure occa- 
sionally waved back and forth. When removed from the mussel this 
object was found to be over 3 cm. in length and to be composed of 
glochidia in various stages of development, that is, the whole was a 
single glochidial conglutinate. The expanded “head-like” portion 
(Figs. 3 and 4) was pierced by one large opening, which in some 
specimens subsequently observed was more or less subdivided by masses 
of glochidia. On examination under the microscope it was found that 
the entire outer surface of the conglutinate was covered with ripe, fully- 
formed glochidia and that the central axial portion was made up of 
embryos and incompletely developed glochidia. The red color of the 
entire conglutinate was due to these central embryos, which contained 
more or less bright red material, the amount of the red substance vary- 

1 The writer wishes to express his indebtedness to Dr. M. M. Ellis for his 
help in various parts of this investigation. 
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ing inversely with the degree of development of the embryo. The 
mature glochidia were colorless, very transparent, and gave the outside 
of the conglutinate a frosted appearance. At the anterior end of this 
worm-like conglutinate, that is, the end first extruded from the mussel, 
the mature glochidia were found only on the outside, but they increased 
in numbers toward the posterior end of the conglutinate, which was com- 
posed almost entirely of mature ripe glochidia. The terminal portion 
(Fig. 5) of the posterior end of this conglutinate, therefore, had a white 
translucent appearance owing to the absence of the red immature em- 
bryos. The color of the entire conglutinate was, however, predomi- 
nantly red, shading through light red to pink near the posterior end. 
On comparison with Ridgways’ Color Standards (1912), the color of 
the conglutinate was noted as varying from garnet brown at the anterior 
end to nopal red near the posterior end. The measurements of five ex- 
pelled conglutinates are given below (Table I). 


TABLE I 
Dimensions of Expelled sien cscnnacianein in Millimeters 








Maximum | 
diameter | Width of Length of 
exclusive of ‘head”’ “head” 
“head”’ 


Length of entire Minimum 
conglutinates diameter 





23.64 0.54 
21.60 0.39 
51.82 0.59 
26.84 0.78 


1.00 ‘ 1.90 
1.11 k 1.96 
1.11 ; 3.04 
1.20 ‘ 3.12 





Average: 31.45 0.56 2.45 


33.34 | 0.49 i 1.17 2.21 
| 





After discovering the first extruded conglutinate, 17 additional female 
specimens of Cyprogenia aberti were brought under observation and 
sach of these individuals subsequently extruded red worm-like congluti- 
nates. The ejection of a single conglutinate required from 3 to 12 hours 
and as far as was observed was not correlated with any particular ex- 
ternal stimulus. When completely extruded the conglutinate fell to the 
sand alongside the mussel where it remained unless moved about by 
water currents. Within three or four days after the extrusion from 
the body of the mussel, undisturbed conglutinates at the bottom of the 
tank lost their color and the mature glochidia when examined were 
found to be weak or dying, as shown by their closing reactions when 
tested with physiological salt solution. 

Sterki (1898) in a discussion of the anatomy of the closely related 
species of fresh-water mussel, Cyprogenia irrorata (Lea), noted the 
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worm-like appearance of the conglutinates lying in place in the mar- 
supial portion of the gill and described these conglutinates as worm-like 
cylinders which could be extracted in toto from the enclosing membrane. 
On dissecting gravid specimens of Cyprogenia aberti (Conrad), the 
writer noted the curved position of the marsupium which is character- 
istic of species of this genus and the arrangement of the conglutinate as 
figured by Ortmann (1912). When the marsupium was in place, the 
anterior or head-like portions of the ripe conglutinates were found to 
be formed by masses of glochidia lying in the top of each marsupial 
compartment at the point where this compartment joins supra-branchial 
passage. The flat posterior portion of the conglutinate filled the outer 
or distal section of the marsupium (see Figs. 6 and 7). During the 
extrusion of the conglutinate the entire structure was forced first into 
the supra-branchial passage and from there on out through the excur- 
rent siphon. 

The question arises whether the extrusion of these conglutinates as 
described in the specimens of the Arkansas fanshell is a normal pro- 
cedure or whether it was merely a case of abortion. Lefevre and Curtis 
(1912, p. 137) state that “in Obliquaria reflexa, however, the congluti- 
nation persists, and the fully developed glochidia, still tenaciously adher- 
ing, are discharged from the marsupium in the cylindrical masses already 
described.” These authors figured the expelled conglutinates of this 
species as curved cylindrical masses which they state “do not disinte- 
grate even after lying in the water for some time.” As Obliquaria re- 
flexa and Cyprogenia aberti are rather closely related species, it would 
seem in view of the findings of Lefevre and Curtis that the extrusion 
of conglutinates by Cyprogenia aberti was not an abortion, particularly 
since these worm-like conglutinates of Cyprogenia aberti were covered 
with mature ripe glochidia which gave vigorous closing reactions when 
tested separately. 

To eliminate the possibility of abortion or abnormal discharge of 
the conglutinates a second shipment of Cyprogenia aberti from Arkan- 
sas was made early in September, 1932, care being taken to insure the 
minimum disturbance of the mussels while in transit. As soon as these 
specimens arrived they were placed in a specially prepared hatchery 
trough through which fresh water flowed continuously and on the bot- 
tom of which was a layer of sand some 8 inches deep. The fanshells 
soon established themselves in the sand and as far as could be deter- 
mined remained in good condition. Individuals of several other species 
of mussels were carried in this trough as controls and all mussels in the 
trough lived throughout the winter. 

On February 15, 1933, the first red conglutinate was extruded from 
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one of the specimens of the Cyprogenia aberti, and the spawning of this 
species continued during the next four weeks. Each female during this 
period extruded from 6 to 20 conglutinates. As these animals had not 
been disturbed since their arrival in September, that is, some five months 
previous, and as there had been no deaths in the group, nor among the 
control series of other mussels, it seems that this extrusion of congluti- 
nates by the Cyprogemia aberti is a normal procedure and not an abortion 
due to some abnormal condition, particularly since the spawning period 
began in February both years. 

As continuous thermographic records of water temperature were 
taken throughout the entire period these animals were under observa- 


tion, and as the dissolved oxygen, carbon dioxide, carbonates, and pH 


were determined at regular intervals, correlations with the physical and 
chemical conditions of the water and the onset of the spawning period 
were looked for. Of the factors determined, temperature was the 
only one showing a significant change near the onset of the spawning 
activities. 

The temperature charts showed that the average water temperature 
in the hatchery tank fell slowly through September to January, from 
20° C. to 16° C. and that during February the average temperature rose 
rather rapidly to about 19° C. In view of the known relationship be- 
tween temperature and spawning time of various other aquatic animals, 
and this rise in water temperature which occurred both years in Feb- 
ruary, it seems that the spring rise in water temperature is at least a 
contributing factor in initiating the spawning activities of the Arkansas 
fanshell. 

Having established the fact that the formation and extrusion of these 
queerly shaped conglutinates are normal activities in this species of fan- 
shell, and in view of the striking resemblance of these conglutinates as 


EXPLANATION OF PLATE I 


Fic. 1. <A single expelled conglutinate of Cyprogenia aberti (Conrad), show- 
ing ripe glochidia on the outside. Some free glochidia may be seen near the 
conglutinate. 

Fic. 2. Five expelled conglutinates. Note the frosted appearance of the poste- 
rior portion of each due to the covering of ripe glochidia. Numerous free glochidia 
may be seen. 

Fic. 3. Side view of anterior portion of conglutinate. 

Fic. 4. Top view of anterior portion of conglutinate. 

Fic. 5. Terminal part of posterior portion of conglutinate. 

Fic. 6. Entire mussel lying in right valve. The left valve and left mantle 
have been removed. The arrangement of the conglutinates in the outer or mar- 
supial gill can be seen. 

Fic. 7. Same mussel as Fig. 6. The left marsupium has been raised, exposing 
the inner gill, and below the lower half of the right marsupium. 
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PLATE I 
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they waved back and forth from the exhalent syphons to tubificids or 
other bottom-inhabiting worms, some experimental tests were made to 
determine the reactions of fish to these brightly colored conglutinates, 
both during extrusion and after separation from the gravid mussel. 
Single individuals of gravid Cyprogenia aberti were placed in large glass 
battery jars, through which fresh water flowed continuously and which 
contained suitable layers of sand at the bottom. After the mussels had 
burrowed into the sand and were properly established, the extrusion and 
discharge of the red conglutinates proceeded as before, a medium-size 
goldfish (circa 3 inches long) was then placed in each jar and the re- 


actions of the fish carefully noted. In every case the fish greedily ate 
any exposed conglutinates. The fish quickly seized incompletely ex- 
truded conglutinates and pulled them out of the exhalent siphon of the 
gravid mussel, and also picked up any discharged conglutinates lying 


on the bottom of the jar. Discharged conglutinates were readily eaten 
by other goldfish when placed on the bottom of the tank in which these 
fish were kept. As all of the fish used in these experiments were well 
fed, the avidity with which these fish selected and ate the conglutinates 
must be charged to a normal and not to a starvation reaction. 

The goldfish which had fed on conglutinates were killed at intervals 
of from 15 minutes to 5 hours after the ingestion of the conglutinates. 
In every case glochidial infections on the gills were noted. Apparently 
the ripe glochidia, which are easily loosened from the outside of the con- 
glutinate, attach themselves to the gills of the fish while the conglutinate 
is in the process of being swallowed. From these experimental findings 
the value of these brightly colored conglutinates to the species in the 
transfer of glochidia from gravid female to a host fish is evident. 

The axial masses of immature glochidia and embryos passed on into 
the stomach, where they were rapidly disintegrated by the digestive 
juices in the course of an hour and a half. Fragments of glochidia were 
found in the duodenum five hours after the conglutinates were taken 
into the mouth. 

These observations on the conglutinates of Cyprogenia aberti, and 
their usefulness as a device for the transfer of glochidia to the host fish, 
strengthen the suggestions of Coker, Shira, Clark, and Howard (1921, 
p. 85) concerning the function of the mantle flaps in the pocketbook, 
Lampsilis ventricosa. These writers state that “the conspicuous flaps 
which sometimes suggest the appearance of small fish, may serve as a 
lure to fish, bringing them into desirable proximity to spawners when 
glochidia are ready for extrusion.” In this connection it may be added 
that in several species of fresh-water mussels belonging to the Lampsi- 
ling the marsupium and mantle margins in gravid females are more or 
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less brightly colored with black, brown, or yellow, the gravid marsupia 
being partly extruded at times by these mussels. These colored struc- 
tures may also serve as fish lures. 


SUMMARY 


1. The brightly colored worm-like conglutinates of Cyprogenia 
aberti (Conrad), the Arkansas fanshell, are described. 

2. Experimental evidence is offered showing that these conglutinates 
serve as fish lures and thereby aid in the transfer of the ripe glochidia 
from the gravid female mussel to a host fish. 


BIBLIOGRAPHY 


Coker, R. E., A. F. Surra, H. W. Ciark, anp A. D. Howarp, 1921. | Natural 
History and Propagation of Fresh-water Mussels. Bull. U. S. Bur. Fish., 
87:77. 

LeFevre, G., AND W. C. Curtis, 1912. Studies on the Reproduction and Artificial 
Propagation of Fresh-water Mussels. Bull. U. S. Bur. Fish., 30: 107. 

Ortmann, A. E., 1912. Notes upon the Families and Genera of the Najades. 


Riweway, R., 1912. Color Standards and Color Nomenclature. Published by 
author. 

SrerKI, V., 1898. Some Observations on the Genital Organs of Unionide, witb 
Reference to Classification. Nautilus, 12: 18. 





THE COLORED CORPUSCLES OF THE BLOOD OF THE 
PURPLE SEA SPIDER, ANOPLODACTYLUS LENTUS 
WILSON 


ALDEN B. DAWSON 


(From the Zodlogical Laboratories, Harvard University, and the Marine 
Biological Laboratory, Woods Holc, Massachusetts) 


In Europe, the cells of the circulating fluids of invertebrates have 
been given considerable attention. The data on the corresponding ani- 
mals of America are much less complete. Of great interest, especially 
from an evolutionary viewpoint, are the cells of more or less fixed form 
in which the respiratory pigments, hemerythrin or hemoglobin, are en- 
closed. The other recognized respiratory proteins, chlorocruorin and 
hemocyanin, are reported as occurring only in solution in the blood o1 
body fluids. 


A survey of the literature vields little information on the blood cells 
of the pycnogonids. Cells of definite form, designated as “ ballons,” 
were described by Dohrn (1881) as occurring in the pycnogonids of 
the Gulf of Naples. These observations were supplemented by Cuénot 
(1891), who studied the pycnogonids in the vicinity of Banyuls. Ac- 
cording to the latter author these cells contain an unidentified albuminoid 
which is either colorless or of a light neutral tint and does not change 
color on exposure to the air. The present report deals with the colored 
corpuscles of the sea spider, Anoplodactylus lentus Wilson (Phoxichi- 
lidium maxillare Stimpson), which is found in considerable numbers in 
the vicinity of Woods Hole. 


The corpuscles of this animal range in color from light pink, deep 
pink, and lavender to purple and dark blue, and appear to be extremely 
specialized cells. The color of the blood, however, is blue. 


ViTAL OBSERVATIONS ON ENTIRE ANIMALS AND AMPUTATED LEGs 


The blood spaces of the body of pycnogonids are divided into dorsal 
and ventral halves by septal membranes which are not limited to the 
body but run to the tips of the legs. The course of the circulation is 
outward in the inferior or ventral sinus and inward towards the heart 
in the superior or dorsal sinus. In forms like the species studied, with 
small bodies and long, slender legs, the circulation within the appendages 
is dependent largely on limb movements and on the contractions of the 
intestinal czeca which extend into the appendages. 
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Anoplodactylus is sufficiently small and translucent that the entire 
animal may be compressed under a large coverslip and the heart-beat 
and circulation observed under relatively high magnification. More sat- 
isfactory observations, however, may be made on amputated legs 
mounted in sea water. The cut end is quickly plugged by a clot and 
practically no blood is lost. A high dry lens or even a 2 mm. oil immer- 
sion can be used on many of these preparations. The contractions of 
the intestinal czeca persist for a long time and the contents of the sinuses 
surge back and forth with each pulsation, permitting observations on 
the corpuscles as they change position and orientation. 

The corpuscles are extremely thin discs, irregularly oval or lenticular 
in outline, tapering at the ends into slender processes of varying length 
(Figs. 1 to 6), and in optical section these cells are seen to possess 
thickened, rounded margins. The nucleus is occasionally centrally lo- 
cated (Fig. 2), but usually is found in the thickened margin about mid- 
way between the two poles (Fig. 7). In the thin central region the 
pigment is scanty, becoming denser toward the periphery of the cell. 
The terminal processes do not contain pigment and may be readily over- 
looked in fresh preparations. The cells vary widely in size. These 
variations may be due to the degree of maturity of the corpuscles since 
the small cells usually possess less color. 

In the smaller elements the pigment is uniformly distributed through- 
out the body of the cell; in the larger, it is marked off into irregular 
areas by clear bands which tend to run longitudinally, although trans- 
verse bands are not uncommon. The nature of these divisions is not 
clear. 

As already noted, there is a wide range in the color of the corpuscles 
when observed either in the intact animals or in amputated appendages. 
Some of the variations may be due to differences in concentration of the 
pigment but there is some evidence that the deep blue represents the 
completely oxidized form, while the lavender and pink shades are caused 
by varying degrees of reduction of the pigment. 

The cells are extremely flexible and may be folded longitudinally, 
twisted spirally, or folded transversely as they are subjected to pressure 
from the pulsating intestinal ceca. Recovery from such deformation is 
rapid. The tips of the terminal processes are apparently adhesive in 
nature, and cells frequently become attached to the walls of the sinuses 
by one or both ends and sway and twist about as the blood surges back 
and forth. 


SUPRAVITAL OBSERVATIONS 


Sufficient blood for supravital observations on the corpuscles may 
be obtained by gently pressing the amputated legs. The blood is fre- 
8 
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quently mixed with ova and portions of the czcal epithelium, but excel- 
lent preparations of almost pure blood may sometimes be obtained. 
The supravital preparations permit a more critical study of the morphol- 
ogy of the corpuscles, but degenerative changes occur more rapidly than 
when the blood is in the sinuses of the leg. 

No formed bodies other than the nucleus can be distinguished in the 
fresh cells. In stale preparations the pigment loses its homogeneity and 
denser globules of varying size suspended in a paler fluid appear 
(Fig. 8). If the globules are large, no Brownian movement is dis- 
cernible but smaller bodies may exhibit intense activity. The clear 
bands appear to form definite boundaries within the cell and the vibrat- 
ing globules are unable to pass across them. 

In sealed coverslip preparations which have stood for several hours 
many cells develop fine beaded processes on their surfaces. These 
processes contain pigment and usually show Brownian movement. Mi- 
nute globules may separate from their free ends and persist for some 
time as free bodies in the plasma. 

In hypertonic solutions the cells are shortened and thickened and 
irregular in outline (Fig. 10), resembling in some respects the crenated 
corpuscles of the vertebrates. In hypotonic solutions, produced by 
adding distilled water at the margin of the coverslip, the cells swell, 


lose their thin, flattened form (Figs. 11 and 12) and eventually become 


EXPLANATION OF PLATE 


All drawings are from fresh preparations and were outlined at the same mag- 


nification ( 1500) by means of a camera lucida. The nuclei appear as light areas. 


PiateE I 
Explanation of Figures 

1 to 6. Surface views of colored corpuscles of Anoplodactylus lentus, showing 
variations in size, form, and distribution of the pigment. 

7. Optical section of a corpuscle viewed on edge drawn at the level of the mar- 
ginal nucleus. 

8. A corpuscle showing the formation of dark globular masses which frequently 
appear in sealed preparations which have stood for several hours. 

9. A corpuscle after supravital staining with neutral red and Janus green B. 
No characteristic neutral red bodies or mitochondria could be demonstrated. Dark, 
refractile granules of varying size, exhibiting active Brownian movements, ap- 
peared after the application of the dyes. 

10. A corpuscle in a hypertonic solution viewed on edge showing a condition 
comparable to crenation in the vertebrate erythrocyte. 

11 and 12. Early stages in the transformation of the thin flattened corpuscles 
into spheres. 

13, 14, 15, and 16. Spherical corpuscles, usually containing induced granules of 
varying size, were produced by several methods. The occurrence of the pigmented 
content in separate masses is probably correlated with the presence of the clear 
septa present in many normal corpuscles. 

17. Corpuscle after exposure to dilute hydrochloric acid, showing loss of pig- 
ment and the appearance of dense refractile granules. 
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converted into spheres (Figs. 13, 14, and 15). Such cells usually con- 


tained induced bodies of varying size which are in active Brownian 
motion. In these spherical cells (Figs. 15 and 16) the pigment is fre- 
quently divided into separate masses, a condition which is probably cor- 


related with the presence of clear bands in the normal corpuscles. 

Fresh preparations stained supravitally with neutral red, Janus green 
B, or brilliant cresyl blue reveal no additional cytoplasmic constituents 
such as mitochondria, neutral red bodies, or patterns of reticulation. In 
all cases, however, the large, more deeply pigmented cells contained 
densely colored bodies of varying size (Fig. 9), which exhibited differ- 
ent degrees of Brownian activity. This reaction to vital dyes appears 
comparable to that obtained in stale preparations, although the induced 
bodies are never so large. It is probably the result of injury. The 
characteristic color of any of the dyes was never obtained ; it was masked 
by the natural pigment of the cell. 


Tue NATURE OF THE INTRACELLULAR PIGMENT 


The color range of the corpuscles in entire animals and in amputated 
legs appeared the same. Attempts were made to determine the nature 
of the pigment and the factors producing the variations in color but the 
results were not at all conclusive. Only minute amounts of blood could 
be obtained by expressing the fluid from the legs so that all tests were 
carried out on the slide by drawing the various solutions under the 
coverslip. 

It was obvious that the concentration of pigment varied in indi- 
vidual cells, probably directly with the degree of their maturity. The 
hydrogen ion concentration of the medium did not appear to influence 
the color of the pigment. Solutions of hydrochloric acid in sea water 
(pH 3.0) did not cause any change in color, but greater acidity caused 
a loss of pigment from the cell, probably due to cytolysis. Following 
the extraction of the pigment, numerous dense, refractile bodies were 
noted in the portions of the cell from which pigment was lost (Fig. 17). 
Solutions of sodium hydroxide (pH 9.0) also produced no color change 
but the cells rapidly assumed the spherical form (Fig. 17). 

Reducing agents produced more positive results. Sodium hydro- 
sulphite was applied in pulverized form at the margin of the coverslip 
and sufficient sea water added so that the solution might be drawn under 
the slip. Changes in color were noted after 15 minutes. Cells which 
were purple and deep blue changed to light brown and brownish yellow. 
Lavender cells became pink and pink cells colorless. After two hours 
the majority of the cells were colorless but a number of light yellow and 
pale pink cells could still be seen in the field. After four hours the 
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reduction of the color was almost complete. The reduction of the pig- 
ment was also accomplished by applying potassium cyanide in a similar 
manner. The more deeply colored cells in this instance faded to various 
shades of slate and gray before becoming colorless. Decolorization was 
frequently complete in about three quarters of an hour. Attempts to 
reoxidize by air the pigment in preparations treated with sodium hydro- 
sulphite were unsuccessful, and questionable results were obtained with 
potassium ferricyanide. This may have been due to limitations of the 
method employed in handling such small amounts of blood. 

Fresh preparations sealed with vaseline and kept for as long as 
forty-eight hours were not appreciably changed in color by the exclusion 
of air. Blood drawn from animals which were sealed in vials of boiled 
sea water until all activity had ceased and they had become limp seemed 
to contain a lower percentage of purple and blue cells than normal ani- 
mals. The blood picture as regards color of the corpuscles, however, 
is very variable and comparisons are difficult. Macroscopically the 
blood seemed lighter in color, and when exposed to air seemed to grow 
darker. 

Microspectroscopic examination of individual cells from dry un- 
stained smears did not demonstrate any definite absorption bands for 
the pigment preserved in this manner. These preliminary tests are 
obviously inadequate to determine the identity or nature of the pigment. 
There is, however, some slight evidence that it may undergo reversible 
oxidation-reduction changes or play some role in oxygen transfer. 

The variations in color of the corpuscles in the circulation appear to 
depend on two factors: the relative concentration of the pigment within 
the cells and the degree of its reduction or oxidation. A third possi- 
bility—the presence of another pigment, especially in the dark blue cells 
which do not decolorize in the same manner as the lighter cells—should 
not be overlooked. 

One of the most widely distributed blue pigments in the animal king- 
dom is hemocyanin. This substance, however, has not been reported 
within cells of the circulating fluids but has always been found dissolved 
in the plasma. Another, as yet unidentified, blue-purple pigment has 
been reported as occurring in the blood and tissues of Chromodoris zebra 
and related species (Crozier, 1914, 1922) and some of the physical and 
chemical properties of this pigment have been described by Preisler 
(1930). Further studies on the intracorpuscular pigment of the blood 
of Anoplodactylus are needed in order that its chemical nature and func- 
tional significance may be ascertained. 

I am indebted to Professor A. C. Redfield for helpful suggestions 
during this study. 
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SUMMARY 


The blood of the sea spider, Anoplodactylus lentus, contains nu- 
merous pigmented corpuscles. The cells are thin, flexible discs of 
lenticular or irregularly oval outline with a marginally located nucleus. 
The poles of the cells are elongated into slender processes which are 
adhesive. 

The corpuscles range in color from pink, lavender, and purple to 
deep blue. The pigment may be homogeneously distributed or limited 
to areas marked off by clear bands. 

These cells are readily deformed by changes in the concentration of 


the medium. Staining reactions characteristic of vertebrate erythro- 


cytes are not produced by exposure supravitally to neutral red, Janus 
green B or brilliant cresyl blue. 

Preliminary tests indicate that variations in the color of the pigment 
are not dependent on hydrogen ion concentration. 

The pigment may be decolorized with potassium cyanide or sodium 
hydrosulphite, but attempts to restore the color were inconclusive. The 
small amounts of blood obtainable render tests of this nature difficult. 

This pigment, obviously neither hemoglobin or hemerythrin, occur- 
ring intracellularly in the blood of an invertebrate, and possibly of 
respiratory significance, merits the attention of physiologists. 
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STUDIES ON THE CILIATES FROM FRESH WATER 
MUSSELS 


I. THE STRUCTURE AND NEuROMOTOR SYSTEM OF CONCHOPHTHIRIUS 
ANODONT STEIN, C. curtus ENGL., AND C. MAGNA SP. NOV. 


GEORGE W. KIDDER 


(From the College of the City of New York and the Marine Biological Laboratory, 
Woods Hole, Mass.) 


Although the ciliate commensals of the various fresh water mussels 
exist in great abundance and offer excellent material for a cytological 
study, very little attention has been paid to them. ‘The greatest number 
of these organisms belong to the genus Conchophthirius. Indeed, the 
type species C. anodonte (Ehr.) Stein is found in one of these mussels. 
Since the work of Schuberg in 1889 there has been but one paper of 
merit,—that of Raabe (1933),—dealing extensively with this genus, 
and no work, as far as I am aware, of a strictly cytological nature. 
Raabe has given an excellent review of the literature and an account 
of certain morphological features of four species of Conchophthirius. 
Employing the silver nitrate method of Klein (1926a, b), he was able 
to establish the existence of a previously undescribed species, C. unionis, 
and to place the ciliate called by Claparéde and Lachmann (1858) Plagi- 
otoma acuminata in the genus Conchophthirius. He has based his spe- 
cific comparisons chiefly on the pattern of the “ silverline system” and 
only noted those extra characteristics which were easily observed in life. 
Schuberg (1889), while giving an excellent description of Conchoph- 
thirius anodonte and C. steenstrupii, did not recognize Engelmann’s 
(1862) C. curtus, but it is quite obvious, if one is to observe even 
cursorily the forms from various species of Anodonta, that in this judg- 
ment Schuberg was wrong. 

To summarize briefly the existing species of the genus Conchoph- 
thirius so far known to the literature, I shall list only those which I 
consider valid. For a more extensive discussion the reader is referred 
to the work of Raabe (1933). The list is as follows: Conchophthirius 
anodonte (Ehr.) Stein 1861, C. steenstrupii Stein 1861, C. (Plagi- 
otoma) acuminata Claparéde and Lachmann 1858, C. curtus Engelmann 
1862, C. antedonis André 1910, C. discophorus Mermod 1914, C. mytili 


deMorgan 1925, C. unionis Raabe 1933, and C. caryoclada Kidder 
1933a. 
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Attention should be directed to the ciliate called Conchophthirius 
metchnikofii by Certes (1891), which was later removed to the genus 
Phascodinium, order Heterotrichida, and to Conchophthirius elongatus 
and C. lamellidens of Ghosh (1918). The last two species cannot be 
considered seriously, as the descriptions and illustrations of Ghosh are 
far too brief and sketchy to allow one to judge their validity. 


It is the purpose of this paper to present the results of a cytological 
investigation of the structure and neuromotor apparatus of members of 
the genus Conchophthirius encountered in the examination of seven spe- 
cies of mussels taken from fresh water lakes in Massachusetts and New 
York. It is my hope that this work will lead to a clearer understanding 
of the relationships which exist between the external fibrillar system, as 
described so carefully by Raabe (1933), and the internal fibrillar system 
demonstrated by the methods here employed. 

The species with which I shall deal are Conchophthirius anodonte 
(Ehr.) Stein, C. curtus Engl. and a hitherto undescribed species, which, 
because of its large size, I shall call Conchophthirius magna. 

The basic structural differences between these species will be pointed 
out in the general descriptions. Because of the very close agreement of 
their neuromotor systems, these elements in all three species will be con- 
sidered together, attention being directed only to points of difference. 

This investigation was carried on at the Marine Biological Labora- 
tory at Woods Hole, Massachusetts. 1 wish to express my indebtedness 
to W. J. Clench, Curator of Molluscs in the Museum of Comparative 
Zoology of Harvard University, who very kindly identified the species 
of mussels used in this work. 


MATERIAL AND METHODS 


The three species of ciliates to be described are found in the fluids 
of the mantle cavities and creeping about over the gills and palps of 
various species of fresh water mussels. The infections vary from only 
a few ciliates per mollusc in the cases of Anodonta implicata, A. cata- 
racta, Lampsilis radiata, L. cariosa and Alasmidonta undulata to hun- 
dreds in the cases of Anodonta marginata and Elliptio complanatus. 

In an attempt to determine the exact location of the ciliates in their 
hosts many mussels were opened carefully and parts of the mantle, gills, 
and palps dissected out and examined. In the cases of C. curtus and 
C. magna no definite location seemed to be preferred as ciliates were 
found on all of the exposed surfaces and also swimming freely in the 
mantle fluids. But in the case of C. anodonte there invariably occurred 
a localization of organisms on the non-ciliated surface of the palps. 
The ciliates found here exhibited entirely different reactions in regard 
to movement from those found elsewhere. When the palp was removed 
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from the mollusc and carefully flattened out in a Syracuse dish, the 
non-ciliated surface appeared mottled with C. anodonte. In contrast 
to the ceaseless activity normally encountered, they remained extremely 
quiet, attached by the cilia of their ventral surfaces. Examination un- 
der high magnifications showed the cilia of the peristomal region alone 
in vigorous motion while the body cilia waved listlessly. When dis- 
lodged from the palp the organisms moved rapidly and continued this 
activity until they became moribund. 

There appears to be a fair degree of host specificity in this group 
Conchophthirius magna was found only in Elliptio complanatus and was 
always accompanied by C. anodonte, while C. curtus was found in Ano- 
donta marginata, A. implicata, A. cataracta, Lampsilis radiata, L. cari- 
osa and Alasmidonta undulata. Although all of these mussels may be 
found side by side buried in the muddy bottom of the lake, it is only 
occasionally that there is cross infection in nature. I have found small 
numbers of C. curtus associated with C. anodonte in Elliptio complana- 
tus and likewise a few C. anodonte with C. curtus in Anodonta margi- 
nata. I have never found C. magna in any host but Elliptio complana- 
tus. The reason for the segregation in nature is not clear, because no 
such condition is found in the close association of the hosts in the labora- 
tory tanks. When various species of mussels are placed in a small 
aquarium cross infection results in a few days. I have examined the 
contents of Anodonta and Elliptio which have been kept together for a 
week and have found about equal numbers of Conchophthirius anodonte 
and C. curtus in every specimen. There seems to be no doubt that cross 
infection is brought about by the ciliates leaving one host and swimming 
to the next, as pipette samples from the bottom of the aquarium rarely 
fail to reveal the presence of one or more organisms that are free from 
a host. 

When washed free of the mantle cavity the ciliates swim about ac- 
tively, but I have been able to keep them alive in a Syracuse dish for 
from twelve to twenty-four hours only. The movements gradually 
cease and death ensues although plasmolysis seldom occurs for a con- 
siderable time. Dishes containing the dead ciliates have been kept for 
many days with very little noticeable change in the body form. 

The technical methods here employed were similar to those used in 
the study of Conchophthirius mytili (Kidder, 1933b), but because of 
the abundance of material it was found possible to fix and stain hun- 
dreds of organisms on each cover glass. The ciliates were washed into 
a Syracuse dish and an albuminized cover glass immersed in the fluid. 
After a preliminary agitation with a pipette the ciliates were allowed to 
settle on the cover glass which was then removed with clean forceps. 

9 
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The excess fluid was drained off and the cover glass quickly’ immersed 
in the desired fixing fluid. This method proved very satisfactory as the 
adherent powers of these ciliates caused them to remain in close contact 
with the albuminized surface. 

In addition to the method of Klein (1926a, b) for a study of the ex- 
ternal fibrillar system, the most useful method was found to be a 4-hour 
fixation in strong Flemming’s fluid, a thorough washing in running wa- 
ter and staining the long method with Heidenhain’s hematoxylin. Dit- 
ferentiation was carried out in a 10 per cent solution of hydrogen per- 
oxide. After this technique the fibers of the external and internal 
systems remain black while the cytoplasm is a clear yellowish gray and 
the nuclei and food bodies are a bluish gray. This technique has proved 
invaluable both in this study and in the past (Kidder, 1933b). 

The wet silver method of Gelei and Horvath (1931) gave fairly good 
results in demonstrating the internal fibers of the peristomal basket and 
the pharynx, but I have not been able to obtain quite as sharp a differen- 
tiation of external fibers with this technique as with that of Klein or 
Heidenhain’s hematoxylin destained with H,O.. 

For a study of the endoplasmic granules the best results were ob- 
tained by the use of the Borrel stain following Schaudinn’s fluid. 

For nuclear structures Heidenhain’s hematoxylin and the Feulgen 


nucleic acid reaction following Schaudinn’s fluid gave very good results. 
The former stain was also used after Bouin’s, Flemming’s and Champy’s 
fluids. 


Neutral red and Janus green B were used vitally but proved to be 
of very little value in this study. 


DESCRIPTION OF SPECIES 
Conchophthirius anodonte Stein 1861 
(Fig. 1) 

The body outline as seen from the dorsal or ventral aspect is ovoid, 
being slightly more pointed at the anterior end. A lateral view shows 
this ciliate to be concave ventrally and slightly convex dorsally. The 
dorso-ventral axis is somewhat over one-third that of the antero-poste- 
rior axis. The left margin of the body forms an arc but the right side 
is slightly concave in the region of the buccal cavity. 

The average size is 103 69p. The extremes of length were 
found to be from 125 w to 65 », while the extremes of width were from 
86 » to 47 p. 

The cytostome is located on the dorsal surface in the anterior third 
of the body near the right margin. Anterior to the peristomal depres- 
sion is an overhanging projection formed from the anterior body region. 
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The cytostome opens immediately under this projection and leads into 
a tubular pharynx which proceeds into the cytoplasm in a slightly ante- 
rior direction. The roof of the pharynx is provided with a single row 
of rather long cilia. The pharynx is lined with circular fibers (Fig. 1; 
Fig. 6A, ph.) and is contractile. It opens directly into an exceedingly 
long and recurved gullet (Fig. 1, gul.; Fig. 6, g.), which is a permanent 
path in the endoplasm and can easily be demonstrated in living and 
stained organisms. It is small in diameter but is quite distensible and 
can accommodate food bodies of considerable size. Schuberg (1889) 
described the intake of food but was unable to trace the gullet for any 


Fic. 1. Conchophthirius anodonte Stein. Dorsal view. > 600. 


acc. v., accessory vacuoles; c. v., contractile vacuole; e. gran., endoplasmic 
granules; exit c. v., aperture through which the contractile vacuole empties; gul., 
gullet; mac., macronucleus; mic., micronucleus; per. bas., peristomal basket; ph., 


pharynx. 

great distance. In all of my observations I have been able to demon- 
strate the ending of the gullet just posterior to the macronucleus (Fig. 
1). The gullet sharply marks off from the rest of the body the loosely 
granular digestive endoplasm. I have never seen large food vacuoles 
outside of this region which is similar to though more extensive than 
the “food basket” of Cryptochilidium bermudense as described by 
Powers (1933a). 

The peristomal field is naked and extends posteriorly from the cyto- 
stome as a rather flat V-shaped area. It is lined with a net of fibers 
from which originate the ventral fibers of the peristomal basket. This 
basket (Fig. 1, per. bas.; Fig. 6, p. b.) is a depression between the dorsal 
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lip, the edge which overhangs the peristome throughout its length, and 
the peristomal field. The lip is supplied with a row of cilia somewhat 
longer than those of the body. From the longitudinal fiber at the base 
of this row arise the dorsal fibers which line the peristomal basket. 

The cilia of the body are arranged in longitudinal rows lying in 


grooves. The grooves are especially noticeable in the extreme anterior 
portion of the body where the cytoplasm is clear. The rows originate 
in a wide ventral suture (Fig. 6, E, v. s.) near the anterior end, as de- 
scribed by Raabe (1933), and terminate in a whorl near the posterior 
end on the dorsal surface (Fig. 6, E, d. s.). The dorsal suture of Con- 
chophthirius anodonte is a very small area as contrasted to the extensive 
sutures of the other species to be described later. The rows of cilia on 


Fic. 2. Conchophthirius curtus Engl. Dorsal view. > 600. 

acc. v., accessory vacuoles; c. v., contractile vacuole; e. gran., endoplasmic 
granules; exit c. v., aperture through which the contractile vacuole empties; gul., 
gullet; mac., macronucleus; mic., micronucleus; per. bas., peristomal basket; ph., 
pharynx. 


the ventral surface are slightly more numerous than those on the dorsal 
surface, while the cilia themselves are much denser on both surfaces to- 
ward the anterior end than toward the posterior. 

The anterior region contains a zone of endoplasmic granules, which 
are quite large in this species (Fig. 1, e. gran.) and appear as highly 
refractile spheres in life. They react strongly with the indigo carmine 
of the Borrel mixture, appearing as a very blue shell with a less dense 
center. After the various silver methods this zone is quite blackened 
(Fig. 6, £). The granules are not strictly confined to this zone but are 
scattered sparsely throughout the rest of the endoplasm. They do not 
appear in the ectoplasmic layer. 
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The nuclei of Conchophthirius anodonte are quite characteristic. 
The macronucleus (Fig. 1, mac.) is smoothly spherical and normally 
lies in the posterior third of the body always within the digestive endo- 
plasm. It measures about 30, in diameter. It appears to be quite 
solid and in the resting condition is filled with spherical granules of 
varying size. I have never seen it distorted by adjacent food bodies 
to the extent observed in the two species to be described presently. 

The micronucleus is very large and lies in a depression in the macro- 
nucleus (Fig. 1, mic.), seeming to be surrounded by the macronuclear 
membrane. I do not believe this to be the case, however, for at the 
onset of fission the micronucleus moves away from the depression, leav- 
ing it intact. 

Just posterior and to the left of the peristome is to be found a single 
contractile vacuole (Fig. 1, c. v.). Varying numbers of accessory vacu- 
oles (Fig. 1, acc. v.) form a ring about it and contribute to its volume as 
it fills during diastole. Dorsal to and in connection with the contractile 
vacuole is a well-defined slit-like structure (Fig. 1, exit c. v.) through 
which the contents of the vacuole empty to the outside on systole. This 
structure and its relationships will be discussed in detail later. 

Conchophthirius anodonte is found in great abundance in the mantle 
cavity, on the gills, and especially on the non-ciliated surface of the palps 
of Elliptio complanatus (Say) in 100 per cent of the molluscs examined. 


The hosts were taken from fresh water lakes in the vicinity of Woods 
Hole, Massachusetts. C. anodonte is to be considered as a commensal 
since the food vacuoles are filled with alge, bacteria, and sloughed-off 
epithelial cells of the host. 


Conchophthirius curtus Engl. 1862 
(Fig. 2) 


In shape this species is similar to the preceding one except that the 
anterior and posterior ends are more bluntly truncate. The average 
width is proportionately greater than that of C. anodonte and the aver- 
age length proportionately less. The measurements of one hundred 
individuals gave the average length as 97 » while the average width was 
65». The extremes of length were from 123 u to 61 » and the extremes 
of width were from 92 » to 51 p. 

In general the peristomal region is like that of C. anodonte except 
that the peristomal field does not extend as far posteriorly, and the 
pharynx (Fig. 2, ph.) is less conspicuous and pointed more directly 
toward the left margin. The gullet (Fig. 2, gu.) is similar but slightly 
more extensive than in the preceding species. The peristomal basket 
(Fig. 2, per. bas.) is smaller than in C. anodonte. 
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The body cilia are disposed in rows, slightly closer together than 
those in C. anodonte (compare Fig. 6, D and E), which originate from 
a broad ventral suture at the anterior end of the body and terminate in 
a long dorsal suture on the posterior dorsal surface. This dorsal suture 
extends nearly the width of the body and is made up of an irregular net 
of fibers among which are situated large basal bodies. From these basal 
bodies arise long cilia. My observations on this region are entirely in 
agreement with those of Raabe (1933) on the same species. Because 
of the length of the dorsal suture the ciliary rows do not come together 
in a whorl, as in C. anodonte, but are more evenly spaced along its 
length. 

There is a distinct difference in the appearance of the zone of endo- 
plasmic granules in C. curtus and C. anodonte. The granules are simi- 
lar in size and staining reaction but are much more closely packed in 
C. curtus, nor does the zone extend as far out toward the anterior end 
of the body (Fig. 2, e. gran.; Fig. 6, G, e. z.) as in C. anodonte. This 
difference is striking and can be noted at once even in living organisms. 
Engelmann (1862) called attention to this and gave it as a specific char- 
acteristic of C. curtus. Only a few of the endoplasmic granules are 
found scattered about in the middle and posterior regions. 

The macronucleus of Conchophthirius curtus is located normally 
just posterior to the gullet, in the middle of the body (Fig. 2, mac.). It 
is much smaller than that of C. anodonte, measuring from 18,» to 204 
in diameter. In contrast to the solid condition of the macronucleus 
described above, this body appears to be quite amorphous. In life it 
can be seen to change its shape as food bodies are pressed against it. 
When external pressure is applied to the organism, causing it to break, 
the macronucleus goes to pieces very quickly, a condition only occurring 
after long exposure to the external fluids in the case of C. anodonte. 

The micronucleus (Fig. 2, mic.) is extremely minute and in the rest- 
ing condition is embedded in the macronucleus. At this stage I have 
never been able to detect it in the living organism, but only in favorably 
stained preparations. It can be demonstrated quite regularly after the 
Feulgen nucleic acid reaction as it reacts a little more intensely than the 
chromatin of the macronucleus and appears to be surrounded by a halo. 
So small is this cell element that a thorough knowledge of its structure 
and position was gained only after a careful study of its activity during 
fission. Engelmann (1862) describes the macronucleus of C. curtus as 
possessing one or two “ nucleoli.” I have never found more than one 
micronucleus in this species and I doubt very much if what Engelmann 
saw were micronuclei or that even one of them was a micronucleus. In 


life the food bodies of varying size so obscure the nuclei that in my opin- 
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ion no final conclusion as to the nature and number of a cell element so 
minute as this could be reached without recourse to careful staining 
techniques. Raabe (1933) figures a micronucleus in C. curtus almost 
as large as that of C. anodonte, his drawing being made from life. Cer- 
tainly the American variety of C. curtus will not lend itself to such sim- 
ple observation. 

The contractile vacuole (Fig. 2, c. v.) is similar in size and location 
to that of C. anodonte. I have never found it in the posterior position 
described by Engelmann (1862). It is accompanied by a slitlike open- 
ing (Fig. 2, exit c. v.) similar to that found in C. anodonte. 

Conchophthirius curtus occurs in great abundance in the mantle cav- 
ity of Anodonta marginata Say in 100 per cent of the molluscs exam- 
ined. It also occurs in fewer numbers in Anodonta implicata Say, A. 
cataracta Say, Lampsilis radiata (Say), L. cariosa (Say) and Alasmi- 
donta undulata (Say). In nature it usually occurs alone in these mus- 
sels but may occasionally be accompanied by a very few Conchophthirius 
anodonte. The hosts were taken from fresh water lakes in the vicinity 
of Woods Hole, Massachusetts, and from Lake Chautauqua, New York. 

This species should also be considered as a commensal, since no indi- 
cation of cell destruction of the host was noted, the food vacuoles con- 
taining alge as well as sloughed-off epithelial cells. 


Conchophthirius magna sp. nov. 
(Fig. 3) 


The body outline of this species is oval as viewed from the dorsal or 
ventral surfaces, the anterior end being somewhat pointed and wider 
than the evenly rounded posterior extremity. The peristomal area is 
seen on the right margin as an indented region extending posteriorly in 
the form of anarrow V. When viewed from a lateral aspect, this ciliate 
is seen to be very much flatter than either of the preceding species. 

In size it is strikingly different from Conchophthirius anodonte and 
C. curtus. The average length of two hundred individuals was found 
to be 180 » while the average width was 95. The range of length was 
from 203 » to 123 w and the range of width from 1164 to 63 yu. 

In life C. magna is easily identified both by size and because it is 
slightly clearer and more transparent than C. anodonte. Also its move- 
ments, both swimming and creeping, are less jerky and more continuous 
than the latter species. 

The pharynx (Fig. 3, ph.) is shorter than the pharynx of C. ano- 
donte, but the gullet (Fig. 3, gul.) is extremely long and recurved to- 
ward the right side. While the gullet roughly marks off the digestive 
area, the food vacuoles are not so strictly limited to this region as in the 
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preceding species. I have never found any food bodies in the extreme 
anterior portion but occasionally a few are found to the left of the gullet 
among the endoplasmic granules. The peristomal basket (Fig. 3, per. 
bas.) is rather shallow and much longer than in C. curtus. The same 
type of structures as described for C. anodonte are found in the peri- 
stomal field. 


The body cilia are much finer and more closely set than the body cilia 


exit Cv 


Fic. 3. Conchophthirius magna sp. nov. Dorsal view. 600. 


c. v., contractile vacuole; e. gran., endoplasmic granules; exit c. v., aperture 
through which the contractile vacuole empties; gul., gullet; mac., macronucleus; 
mic., two micronuclei; per. bas., peristomal basket; ph., pharynx. 
of either Conchophthirius anodonte or C. curtus. The ciliary rows are 
exceedingly close together on both surfaces (Figs. 6, B and C). They 
originate in a rather broad ventral suture (Fig. 6, C, v. s.) toward the 
anterior end and terminate in a long dorsal suture (Fig. 6, B, d. s.) near 
the posterior end. This dorsal suture is of the same type as that of 
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Conchophthirius curtus, although it is supplied with a greater number 
of large basal bodies from which long cilia originate. The region about 
the dorsal suture is naked except for these cilia. The longitudinal fibers 
of the ciliary rows proceed to the suture where their lack of basal bodies 
sharply defines a posterior naked zone (Fig. 6, B, p. z.). This area is 
much larger than in C. curtus. 

The endoplasmic granules (Fig. 3, e. gran.) are about one-half the 
size of those in the preceding species. They are closely packed and fill 
the anterior third of the body, leaving a narrow, clear cytoplasmic layer. 
These granules are quite characteristic and by their relative size and ex- 
tent it is possible to recognize the species immediately. A few of the 
endoplasmic granules are found scattered around the food vacuoles in 
the middle and posterior portions of the body. 

The macronucleus (Fig. 3, mac.) is rather irregular in outline and is 
located just posterior to the gullet midway between the lateral edges. It 
measures about 25, to 30, in diameter. Like the macronucleus of 
Conchophthirius curtus, it is quite labile and is easily indented by the 


Fic. 4. The nuclear appearance during fission. >< 900. 


A. Conchophthirius anodonte Stein. The extremely large micronucleus is in 
full metaphase. 


B. Conchophthirius curtus Engl. The spindle is seen to be very much smaller 
than in A. The macronucleus still shows signs of its folded condition. 

C. Conchophthirius magna sp. nov. The two spindles are seen to be about the 
same size as the spindle of C. curtus. 


crowding food bodies. The chromatin is dispersed in very fine granules 
and numerous lighter areas give the macronucleus a slightly evacuolated 
appearance. 

Embedded in the macronucleus are two minute micronuclei. These 
cannot be seen in the living state but can be demonstrated in the resting 
condition after a well-differentiated hematoxylin stain or after the Feul- 
gen reaction. During fission their demonstration is most easily brought 
about as they then emerge from the macronucleus. Figure 4 illustrates 
the relative sizes and positions of the metaphase spindles of the three 
species here described. 
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The number of micronuclei in Conchophthirius magna appears to be 
not invariable. About 10 per cent of the well-prepared specimens were 
found to possess but one micronucleus, whereas in the remaining 90 per 
cent two were clearly discernible. This percentage held for the dividing 
organisms studied, as I shall show in a later paper. 


A B c D 


Fic. 5. Diagram representing the action of the contractile vacuole, the acces- 
sory vacuoles, and the aperture during diastole and systole. 

A. Contractile vacuole slowly filling. The accessory vacuoles are large and 
the aperture is closed. 

B. and C. Further enlargement of the contractile vacuole and fusion with the 
accessory vacuoles. 

D. Systole of the contractile vacuole. The aperture opens and the fluid is 


poured to the outside. Small accessory vacuoles are again making their appear- 
ance. 


The contractile vacuole (Fig. 3, c. v.) of Conchophthirius magna is 


similar in position though smaller in size than those of C. anodonte and 
C. curtus. Like the species already described, C. magna possesses a slit 





Fic. 6. Photomicrographs. 

A. Conchophthirius anodonte Stein. Ventral view of an organism fixed in 
strong Flemming’s stained with Heidenhain’s hematoxylin and differentiated with 
H.O:. The photograph was taken at a mid-region focus. Note the fibers of the 
pharynx and peristomal basket. Also the cilia within the pharynx. > 630. 

B. Conchophthirius magna sp. nov. Dorsal view of an organism prepared by 
Klein’s method. The anterior region of the endoplasmic granules always become 
very heavily impregnated with the colloidal silver. The organism is somewhat 
flattened. X 420. 

C. Conchophthirius magna sp. nov. Ventral view of an organism prepared as 
in B. to illustrate the distribution and number of ciliary rows and the ventral su- 
ture. > 420. 

D. Conchophthirius curtus Engl. Dorsal view of organism prepared as in B. 
Note dorsal suture at the extreme posterior end. 420. 

E. Conchophthirius anodonte Stein. View of an organism somewhat flattened 
and twisted on its left side. Preparation as in B. X 420. 

F. Conchophthirius curtus Engl. Dorsal view of a dividing organism to show 
the formation of the new peristomal regions. Preparation as in B. 300. 

G. Conchophthirius curtus Engl. Ventral view of an organism fixed in Schau- 
dinn’s fluid and stained with the Borrel stain to show the zone of endoplasmic gran- 
ules. 420. 

d. s., dorsal suture; ¢. z., endoplasmic granule zone; f. b., fibrillar bundle; g., 
gullet; m., micronucleus; p. b., peristomal basket ;-p. f., post-oral connecting fiber ; 
ph., pharynx; p. n., peristomal net; p. r., pharyngeal ring; p. s., posterior naked 
zone; v. s., ventral suture. 
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(Fig. 3, exit c. v.) through which the contents of the vacuole are 
emptied. 

Conchophthirius magna sp. nov. was found in the mantle cavity of 
about one-fourth of the Elliptio complanatus ( Dill.) examined in associ- 
ation with C. anodonte. The infestation was never heavy, there being 
only from ten to twenty organisms in each host. I am a little in doubt 
as to its purely commensal role since its digestive endoplasm is always 
crowded with epithelial cells and I have never seen any other type of 
food in the vacuoles. The cells ingested may be sloughed cells but 
they are regular in outline and stain beautifully. 


THE CONTRACTILE VACUOLE 


The contractile vacuoles of the three species of Conchophthirius de- 
scribed above are identical in every respect but size. The following 
single description will suffice for all. 

A study of the living organism under high magnification reveals the 
presence of a narrow slit in the dorsal body wall just posterior to the 
contractile vacuole. This slit is provided with a thickened margin that 
is highly refractile. During diastole the slit is nearly closed (Fig. 5, A) 
and as the contractile vacuole increases in size there is no apparent 
change. The vacuole further enlarges and absorbs the accessory vacu- 
oles (Fig. 5, B) until its maximum size is reached (Fig. 5, C). Very 
suddenly the slit opens (Fig. 5, D), much in the manner of a purse, and 
the fluid contents of the vacuole pour out. The emptying is not in- 
stantaneous but takes about two seconds for completion. In this inter- 
val the details of the relationship between the slit and the vacuole can 
be noted. The edges of the slit are seen to be in contact with the wall 
of the contractile vacuole and at systole the wall appears to break 
through at that point. 

In material stained with Heidenhain’s hematoxylin and differenti- 
ated in H,O, there is seen to be a network of fine fibers surrounding 
this slit. The same picture is obtained by the silver method of Klein 
(Fig. 8, exit c. v.). I have no evidence as to the nature of these fibers. 
That the slit is a permanent structure is demonstrated by its invariable 
appearance after any good method for showing fibers and also by the 
modification of the ciliary pattern in this region as seen in Fig. 6, B and 
D, and as described by Raabe (1933). 

Schuberg (1889) described a tube extending from the contractile 
vacuole to the dorsal surface. This was also figured by Raabe (1933) 
and attention directed to the pore. I have never seen this in Conchoph- 
thirius although I have repeatedly looked for it. All specimens of this 
group that I have examined have this curious purse-like slit. 
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MacLennan (1933) has recently given a complete description of the 
structure of the contractile vacuoles of a number of the Ophryosco- 
lecidz. In these forms he finds a definite tube leading from the con- 


STN 
Sonne 


post. vent. sut. fib. 


; ant. vent. sut. fib. 


Fic. 7. Ventral view of the anterior end of Conchophthirius magna sp. nov. 
prepared by Klein’s method. Note the greater number of ventral ciliary rows than 
dorsal. > 1000. 

ant. vent. sut. fib., anterior ventral suture fiber; c. fib., cross fibers; post. vent. 
sut. fib., posterior ventral suture fiber; pre-oral conn. fib., pre-oral connecting fiber. 


pre-oral: conn. fib. 


tractile vacuole through the pellicle. The pores at each end of the tube 
and the tube itself are permanent structures. 


THe NEUROMOTOR SYSTEM 


The structures of the neuromotor systems of Conchophthirius 
magna, C. anodonte, and C. curtus are alike with the exception of minor 
differences of size and extent. For that reason I shall describe the 
system as seen in C. magna, calling attention to points of difference only 
where they occur in the other two species. 

The external fibrillar system can be demonstrated clearly by the 
silver method of Klein or by the use of Heidenhain’s hematoxylin dif- 
ferentiated with H,O,. After the first method the fibers of the peri- 
stomal field are seen quite clearly but their inner connections are not 
shown. Since the hematoxylin method stains both internal and external. 
systems, it is of great advantage to use these two methods in conjunc- 
tion with one another. When one does so a wonderfully integrated 


system of connections is seen which I shall refer to as the neuromotor 
system. 
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The ventral suture is made up of two irregular fibers, the anterior 
ventral suture fiber (Fig. 7, ant. vent. sut. fib.) and the posterior ventral 


suture fiber (Fig. 7, post. vent. sut. fib.). From the former originate 


the ciliary rows of the dorsal surface and from the latter the ciliary rows 


of the ventral surface. These suture fibers come together at their two 


ant. vent.sut ib. 


pre-oral conn-fib 


per. net fib. 


vent. fi b. per bes. 


post-oral conn.fib 


exit cv. 


dor Sut. fib. 


Fic. 8. Dorsal view of the peristomal region of Conchophthirius magna sp. 
nov. prepared by Klein’s method. The organism is somewhat flattened. > 1000. 

ant. vent. sut. fib., anterior ventral suture fiber; dor. sut. fib., dorsal suture 
fibers; exit c. v., aperture through which the contractile vacuole empties; per. net 
fib., peristomal net fiber; post-oral conn. fib., post-oral connecting fiber; pre-oral 
conn, fib., pre-oral connecting fiber; vent. fib. per. bas., ventral fibers of the peri- 
stomal basket. These are probably the same as the “ membranella undulans” of 
Conchophthirius curtus as described by Raabe. 
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ends and are also connected by short, irregularly arranged cross fibers 
(Fig. 7, c. fib.). Near the right border of the organism the joined su- 
ture fibers form a connecting fiber that curves up over the edge of the 
body just posterior to the projection above the cytostome. This is the 
pre-oral connecting fiber (Figs. 7 and 8, pre-oral conn. fib.; Fig. 9, p. o. 
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Fic. 9. Diagrammatic representation of the fibrillar system of the peristomal 
region of Conchophthirius magna sp. nov. 


d. f. p. b., dorsal fibers of the peristomal basket; d. I. c. r., dorsal lip ciliary 
row; fib. b., fibrillar bundle; gul. fib., fiber which follows the floor of the gullet; 
in. b. fib., inner basket fiber; i. n. fib., inner net fiber; p. b. c. f., posterior basket 
connecting fiber; ph. c. r., pharyngeal ciliary row; ph. r. fib., pharyngeal ring fiber ; 
pb. o. c. f., pre-oral connecting fiber; p. o. c. f'., post-oral connecting fiber. 1, 2, 3 
and 4, four short rows of body cilia directly connected to the peristomal net. 


c. f.). It gives rise to two coérdinating fibers, one connecting the basal 
bodies of the dorsal lip ciliary row (Fig. 9, d. 1. c. r.) and a second short 
fiber which connects the basal bodies of the pharyngeal ciliary row 
(Fig. 9, ph.c.r.). The pre-oral connecting fiber becomes the peristomal 
net fiber, which bends sharply to the left in the peristomal field (Fig. 8, 
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per. net fib.). From this fiber originate the secondary fibers of the net- 
work which lines the ventral floor of the peristomal field (Fig. 6, p. n.). 
These secondary net fibers, which are very irregular, are bounded on 
the left by a long inner net fiber (Fig. 9, i. n. fib.). From this nu- 
merous fine fibers arise and extend inward, lining the ventral side of 
the peristomal basket (Fig. 6, A, p. b.; Fig. 8, vent. fib. per. bas.; Fig. 
9, v. f. p. b.). These are the fibers that were called by Raabe (1933) 
the “ membranella undulans ” and thought by him to originate from a 
row of basal bodies. This is indeed the picture one gets with the 
method of Klein (see Fig. 8) but it is incomplete. The ventral fibers 
of the peristomal basket bend dorsally and connect at right angles with 
a long fiber on the floor of the basket, the inner basket fiber (Fig. 9, 
in. b. fib.). From this numerous fine fibers are given off which line the 
dorsal surface of the peristomal basket (Fig. 9, d. f. p. b.) and end in 
the fiber of the dorsal lip. 

The inner basket fiber continues anteriorly along the floor of the 
pharynx giving off the circular fibers of that region. At the inner end 
of the pharynx a large fibrous ring is found which encircles the pharynx 
and fuses with the inner basket fiber (Fig. 6, A, p. r.; Fig. 9, fib. b.). 
This fusion point is probably comparable to the motorium of Conchoph- 
thirius mytili (Kidder, 1933b) although very much smaller in size. Ex- 
tending inward from the fibrillar bundle is the long gullet fiber (Fig. 9, 
gul. fib.) which continues throughout the floor of the gullet, finally fray- 
ing out at the posterior end. 


The inner basket fiber is connected posteriorly with a single peri- 
stomal basket connecting fiber (Fig. 9, p. b. c. f.) which bends dorsally 
and to the right and finally connects with the dorsal connecting fiber 
(Fig. 6, B, p. f.; Fig. 9, p. o. c. f.). This forms the direct connection 
between the peristomal region and the dorsal suture. There are nu- 


merous cross fibers connecting the post-oral fiber with adjacent ciliary 
TOWS. 


In Conchophthirius magna there are four rows of cilia that have 
their origin in the fibers of the peristomal net (Fig. 9, 7, 2, 3 and 4). 
These end in the dorsal suture. All the other ciliary rows, with the 
exception of those of the pharynx and dorsal lip, originate in the ventral 
suture, and of these all reach the dorsal suture but one, the single row 
that ends at the slit of the contractile vacuole (Fig. 8, exit c. v.). 

The conditions in Conchophthirius anodonte and C. curtus differ 
slightly from those of C. magna in regard to the ciliary rows about the 
peristome and the fibers of the ventral and dorsal sutures. The reader 
is referred to Raabe’s (1933) description of these fibers as they all be- 
long to the external fibrillar system. 


ne ee eee 
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It will be seen from the above description that all basal bodies are 
intimately interconnected and also connected with the internal fibrillar 
system associated with the peristome, pharynx, and gullet. 

During fission the old peristome disappears and two new ones are 
formed. The earliest stages of their formation that I was able to obtain 
showed a complete set of peristomal fibers, so that direct information as, 
to the origin of these elements is lacking. Later stages (Fig. 6, F) 
show two well-marked, complete peristomes. 


DIscuUSSION 


My measurements of Conchophthirius anodonte and C. curtus corre- 
spond roughly to those of Raabe (1933), and to those of Engelmann 
(1862) for the last-named species. Engelmann’s sizes for C. anodonte 
(120 » to 200 ») do not agree with mine. Kahl (1931) also states that 
he has observed specimens of C. anodonte 240 » long. I think it highly 
probable that this discrepancy can be explained by the fact that such 
large forms measured were undoubtedly C. magna, as C. anodonte and 
C. magna occur in the same host. 

Raabe (1933) has questioned the inclusion of the genus Conchoph- 
thirius in the Order Trichostomida (Tribus Trichostomata of Kahl, 
1931) on the grounds that these organisms possess an undulating mem- 
brane in the peristomal region and should therefore be placed in the 
Order Hymenostomida (Tribus Hymenostomata of Kahl). I have al- 
ready pointed out that Raabe must have mistaken the fibers of the 
peristomal basket for an undulating membrane. When observed after 
the method of Klein these fibers might well be interpreted as cilia aris- 
ing from the basal bodies of the dorsal lip (see Fig. 8). 

The endoplasmic granules described above are so characteristic and 
so persistent that one is tempted to speculate on their function. While 
it is perhaps conceivable that they represent secretory granules com- 
parable to those described by Powers (1933b) in Entodiscus borealis, 
at present I have no evidence for such an assumption. A discussion of 
function, therefore, must wait until a future date. 

The rhythmic opening and shutting of the purse-like slit dorsal to 
the contractile vacuole seems to demand a structural explanation. The 
presence of a network of fibers in this region suggests that they may 
be of the nature of myonemes, thereby accounting for the action of the 
slit. It has been tacitly assumed by the majority of protozodlogists 
that the action of the contractile vacuole was the result of osmotic 
pressure and that no protoplasmic differentiation was necessary. Ray 
(1932), however, has described internal fibers about the contractile 
vacuoles of Balantidium sushilii, but he does not state the supposed 
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function of these fibers. I have never found such fibers in the region 
of the contractile vacuole in Conchophthirius but only fine fibers about 
the slit. Because of the direct connection of these fibers about the slit 
to the longitudinal fibers of the ciliary rows, I regard them as a part 
of the external fibrillar system, perhaps functioning as contractile or 
conductive elements or both. 

The concept of the neuromotor system has been discussed by many 
in the past and more recently by MacLennan and Connell (1931), Pow- 
ers (1933b), Kidder (1933b), Turner (1933) and Lund (1933). Lund 
has given a complete review of the literature dealing with the fibrillar 
system of Paramecium and has correlated the external system (silver- 
line system) with the internal fibrillar system. Turner has demon- 
strated a similar connection between the two systems in Euplotes patella. 
As has been pointed out by these workers, the conclusion of the Ameri- 
can investigators as to the nature and function of these various fibers 
is largely in agreement. The acceptance of a system of coordinating 
fibers, functioning as impulse transmitters, seems to be inevitable. This 
does not exclude the possibility, as mentioned by Powers (1933b), that 
elements connected with this system may have other functions as well, 
such as supportive and contractile. Indeed, Powers suggests just such 
a triple function for the “ stomatostyle ” of Entodiscus borealis. 

My observations on the various species of Conchophthirius have led 
me to agree entirely with the above conclusions. Also I must point out 
that the possibility of a set of fibers functioning both as conductile and 
contractile elements seems to be strengthened by a study of members of 
this genus. The fibers encircling the pharynx are directly connected 
with the various peristomal fibers and also with the coordinating fibers 
of the pharyngeal ciliary row, yet the pharynx is capable of complete 
contraction. The contraction occurs when food bodies are swept in and 
by this action the food is forced into the gullet. It seems logical to 
suppose that the local contraction of the pharynx is brought: about by 
the pharyngeal fibers. The fibers surrounding the slit above the con- 
tractile vacuole may be supposed likewise to possess a dual function. 
It seems possible that in addition to the functions of contractility and 
conductivity these two sets of fibers may lend some support to their 
two areas which are subjected to the greatest strains. 

No large body could be demonstrated, in the three species described 
above, that would correspond to the motorium of Conchophthirius mytili 


(Kidder, 1933b). This is not a serious issue, and in no way impairs 
the concept of a neuromotor system. Turner (1933), after carefully 
re-investigating the fibrillar system in Euplotes patella, came to the con- 
clusion that the motorium of Yocom (1918) was only a pellicular fold 
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and that the fibers joined one another directly. The situation described 
above corresponds to these findings. In the position occupied by the 
motorium of Conchophthirius mytili (under the pharynx), the fibers of 
C. anodonte, C. curtus, and C. magna join in a bundle and instead of 
having a massive structure only the thiekening due to the fusion of 
fibers is seen. This bundle is the only concentration of material that 
could be interpreted as a coordinating center, and I see no objection to 
the idea that it may function as such. 

The specific differences that exist between the members of the genus 
Conchophthirius from fresh water mussels involve the pattern of the 
ciliary rows, the position and extent of the posterior dorsal suture, the 
position, shape, and number of the nuclei and to some extent the size. 
In no case is the difference so profound as between Conchophthirius 
mytili, C. steenstruptt or C. caryoclada where the relationship of the 
position of the cytostome to the rest of the body varies greatly. It may 
be found advisable, when more comparative observations have been 
made, to subdivide the genus, restricting the term Conchophthirius to 
those forms with the general structural relationships possessed by the 
type species Conchophthirius anodonte. 


SUMMARY 


1. Three species of the genus Conchophthirius Stein are described: 
(1) C. anodonte (Ehr.) Stein, from the mantle cavity, palps, and gills 
of Elliptio complanatus (Dill.); (2) C. curtus Engelmann, from the 
mantle cavity of Anodonta marginata Say, A. implicata Say, A. cata- 
racta Say, Lampsilis radiata (Say), L. cariosa (Say), and Alasmidonta 
undulata (Say); and (3) C. magna sp. nov. from the mantle cavity of 
Elliptio complanatus (Dill.). 

2. The chief structural differences between the three species are noted 
in the shape, size, and extent of the peristome, distribution and size of 
the endoplasmic granules, distribution and number of the ciliary rows, 
type of posterior dorsal suture, and shape, size, and number of nuclei. 

3. The host specificity seems to be marked in the case of Conchoph- 
thirius magna, less marked in the other two species. 

4. Cross infection undoubtedly takes place by swimming tropho- 
zoites. 

5. A peculiar permanent slit through which the contractile vacuole 
discharges is described. 

6. A well integrated and closely interconnected neuromotor system 


is decribed, consisting of external, internal, and peristomal fibrillar 
systems. 


7. The neuromotor system is thought to be mainly conductile but 
some parts of it may possibly be contractile or even supportive. 





GEORGE W. KIDDER 
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EDITOR’S NOTE: 


The second sentence of Conclusion 2, p. 28, of the paper by Roberts 
Rugh in the February issue should be corrected to read as follows: 


“. . . The number of eggs that leave the ovary depend, at least in 
part, on the quantity of pituitary injected.” 





